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PREFACE 


The authors present herewith a textbook for use in a beginning course in 
electronics for electrical-engineering students. Most of the material 
used was first published in planograph form and has been used as a text 
at Purdue University for the past two years. It has been revised and 
brought up to date as use in the classroom and the advice of critics have 
indicated that improvements could be made. 

The usual course in technical schools consists of two or three class 
periods and one laboratory period each week throughout the school year. 
Sufficient material is included for such a program. It has been the 
authors' experience that the average student enrolling in such a course has 
the following status: He is a junior and has already had courses in general 
physics, mathematics through calculus, and direct-current circuits. He is 
starting courses in alternating-current circuits, electrical measurements, 
and possibly differential equations, as well as electronics. The student 
plans to enter one of various fields — communications, electronic control, 
servomechanisms, power machinery, power transmission, business, 
graduate study. What he will actually do after graduation is often 
something else. In any event electronics will be useful knowledge for one 
engaged in nearly any branch of electrical engineering and in many 
allied fields. The material in this book presents the fundamental ideas 
of electronics in both a theoretical and a practical fashion to provide a good 
foundation for further study, as well as useful knowledge for a terminal 
course. 

The first four chapters provide material for a brief study of the physics 
of vacuum tubes, not covered in the usual previous physics courses. 
They also serve to delay the study of circuits until the student has gained 
some knowledge of a-c circuits elsewhere. Chapter 5 presents a very 
elementary description of the circuits and actions of certain very common 
electronic devices. It also acquaints the student with some common 
electronic nomenclature. The authors have found it fills a very real need 
— to provide a background for those students who have not picked it up in 
their experience. Even with very rapid coverage it should be valuable. 

Chapter 6 presents the usual methods employed in electronic-circuit 
analyses, analytic and graphical. Great stress is laid on the use of the 
linear-equivalent-circuit theorem. Also considerable attention is paid to 
graphical methods with nonlinear circuits. Only elementary aspects of 
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this fascinating subject are presented because of the limitations of time 
and space. 

Although in theory a student should have well in hand all the tools he 
has studied, as a practical matter the authors feel that a brief restate- 
ment or treatment of certain ideas often helps enough to pay for its 
inclusion in a volume designed principally as a textbook. Hence the 
short treatments of such subjects as network theorems and Fourier 
analysis are included. The practical use of this material begins at once 
in the following chapter, although for some of it the delay is great enough, 
as in the case of power-series expansion of plate current, so that the stu- 
dent will wish to refer back to the discussion again. At any rate he 
knows where to find the material. 

The chapters following the sixth present a selection of the various 
aspects of electronics which can reasonably be included in a beginning 
course. N o claim is made that all the interesting and useful developments 
in the field are discussed or even mentioned. 

In the numerous cases in which a mathematical development is 
attempted, the authors have endeavored to provide, first, a facile word 
explanation for the behavior. Then follows the sensing of current and 
voltage symbols, the writing of circuit equations, the solution of these, 
the simplifying assumptions and rearrangement needed to place the 
solution in a usable form (which often involves the drawing of a simplified 
equivalent circuit), and the final interpretation of the results. Numerous 
worked-out examples are provided to help in understanding. The 
authors feel that much practice is needed in these matters for students 
who plan to continue in fields allied to electronics. 

The authors have freely consulted periodicals and engineering texts by 
many writers. They wish to acknowledge the valuable criticism and 
encouragement given by their colleagues. Especially do they appreciate 
the assistance of their former colleague, Dr. K. J. Hammerle. In addi- 
tion, thanks are due the unknown critics engaged by the publisher. 
They have made many valuable suggestions. 


George E. Happell 
Wilfred M. Hesselberth 
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CHAPTER 1 


ELECTRON BALLISTICS 

1-1. Introduction. The science of electronics can be considered as 
beginning with the discovery of the “ Edison effect.” In 1883 Thomas A. 
Edison was endeavoring to determine why his incandescent lamps were 
burning out at the positive end of the filament. (Only direct current was 
used at the time, as alternating current did not come into common use 
until a much later date.) In the course of his experiments he sealed a 
second electrode into some of his experimental lamps and found that, if 
this second electrode was connected through a galvanometer to the pos- 
itive end of the filament, current would flow. When the electrode was 
connected to the negative end of the filament, no current would flow. 
This effect was the first actual proof that current was the flow of negative 
charge. Edison, however, was unable to explain it, and since he had more 
urgent work at hand, he did not continue the investigation. 

In 1897 Sir J. J. Thomson of the Cavendish Laboratories definitely 
established the existence of the electron and explained the Edison effect 
on this basis. He proved that the electron was a negatively charged par- 
ticle and that it was the motion of this particle under the influence of elec- 
tric fields that constituted current flow. He also established the fact that 
the ratio of charge to mass of the electron was constant for all electrons. 

In 1910 Dr. Robert Millikan measured the electrostatic charge on the 
electron and found it to be constant for all electrons. This result, com- 
bined with Thomson’s determination of the charge-to-mass ratio, allowed 
the mass of the electron to be calculated. It also proved that all electrons 
are identical. 

Sir J. A. Fleming, another Englishman, was the first to put the Edison 
effect to work. In 1904 he patented the first electronic tube, which was 
called the Fleming valve. This was a simple diode used as a rectifier. 
However, since alternating current was not in common use at that time, 
the tube was of little practical value. 

Probably the greatest early contribution to the electronic art was made 
in 1906 by Dr. Lee De Forest, who added a third element, which he called 
a grid, to the diode. By use of this grid he was able to control relatively 
large electron currents in the anode circuit by means of varying potentials 
applied to the grid and with the expenditure of very little power in the 
grid circuit. Since that time many improvements have been made, so that 
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today we have not only diodes and triodes, but also tetrodes, pentodes, 
heptodes, and others, each type being named in accordance with the total 
number of electrodes it possesses. The electronic tube is no longer a lab- 
oratory plaything but has advanced to the stage where it is the basis of an 
entire industry which is rapidly increasing in magnitude. 

New and very promising additions to the electronic art have recently 
become prominent with the development of such devices as improved 
crystal diodes, thermistors, transistors, and magnetic amplifiers. These 
devices may some day become as important to the engineer as the vacuum 
tube is today. 

1-2. The Electron. In the late nineteenth century the atom was 
thought to be the smallest indivisible particle of matter. Today it is 
known that the atom is made up of a relatively large mass, called the 
nucleus, about which electrons are revolving in orbits. The electrons 
have negative charges, and the nucleus has a positive charge. The total 
positive charge on the nucleus is equal to the sum of the negative charges 
of all the electrons revolving about that nucleus. 

Millikan’s experiments proved that the electron is the smallest indivis- 
ible unit of electric charge. It exhibits the properties of a particle or 
corpuscle as well as those of a wave motion. In some instances it is neces- 
sary to use the wave properties to explain experimental results. At other 
times it acts as if it were a charged particle. 

In considering the electron as a particle it is usually imagined to be 
spherical in shape. This concept may not be true, since as yet no experi- 
ment has been devised which will give us a picture of the electron. The 
charge of the electron has been measured as 1.60 X 10 -19 coulomb. The 
charge-to-mass ratio for an electron at rest has been determined as 1.76 X 
10 11 coulombs per kg. From these two figures the rest mass can be cal- 
culated and is found to be 9.11 X 10“ 31 kg. When in motion the mass of 
the electron increases with increase in velocity. It has been shown that 
m e = m r / \/l — (v 2 /c 2 ), where m r is the rest mass of the electron, v is the 
velocity of the electron, and c is the speed of light. However, for a veloc- 
ity as great as one-fifth the speed of light, the error in using the rest mass 
is only 2 per cent. For most applications in this book, this error is 
negligible. The diameter of the electron has been computed as about 
3.8 X 10- 15 m. 

1-3. Other Charged Particles. 1 * The nucleus of the atom is made up 
of one or more protons and in some cases one or more neutrons and pos- 
itrons. The proton has a charge numerically equal to that of the electron 
but is positive in polarity. The mass of the proton is 1849 times the mass 
of the electron. An atom of hydrogen, which is the simplest atom found, 

* Superior numbers are used to refer to supplementary reference material listed at 
the end of the chapter. 
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is made up of one proton for a nucleus and one electron revolving in an 

orbit about it. The neutron has a mass about 0.08 per cent larger than 
that of the proton but has no electrical charge. The positron, or “ pos- 
itive electron,” has a positive charge numerically equal to the charge of 
the electron, and it also has the same mass as the electron. It occurs very 
rarely in the free state and then only as the result of atomic disintegration. 

Particles having the mass of a molecule but a charge numerically equal 
to a multiple of that of the electron are known as ions. If an atom in a 
molecule has lost one or more electrons, the net charge is positive and the 
particle is known as a positive ion. If the molecule has an extra electron 
attached to it, it is known as a negative ion. In electronics these par- 
ticles are usually encountered in gaseous conduction although they do 
occur in high-vacuum tubes since it is impossible to remove all molecules 
of gas from a tube. Ions are usually formed by collisions between elec- 
trons and molecules — a collision may remove an electron from its orbit 
about the nucleus to form a positive ion and a free electron. 

1-4. Units. 2 The rationalized mks system has become fairly common 
in the engineering field, and since it has some distinct advantages, it will 
be used in this book. This, of course, means that all electrical quantities 
will be expressed in the common or practical units — amperes, volts, cou- 
lombs, watts, ohms, and so forth. In the case of the mechanical units the 
use of mass in kilograms and distance in meters results in a new unit of 
force. It has been named the newton and is equal to 10 5 dynes. It was 
necessary to invent this new unit in order to be able to use Newton’s sec- 
ond law, / = mo, and have mass in kilograms and acceleration in meters 
per second per second. Energy is measured in joules, which again is the 
practical unit. 

1-5. Properties of Charged Bodies. Electrons obey the same phys- 
ical laws as do any other bodies. For instance, Newton’s second law 
states that the rate of change of momentum of a body is proportional to 
the applied force and occurs in the same direction as the force acts. 
Mathematically this can be stated as 


/ = 


d(mv) 

dt 


(i-i) 


but if the mass is constant, this becomes 


- dv 
/ = TO _ = ma 


( 1 - 2 ) 


Gravitational force acts on the electron just as it does on larger bodies. 
In this case the acceleration will be the same as it is for all bodies falling in 
free space close to the earth, 32 ft per sec 2 , which is equal to 9.8 m per 
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sec 2 . This is not a very high rate of acceleration. The force acting on 
the electron can be calculated and is found to be 


f g ~ ma = 9.11 X 10~ 31 kg X 9.8 m per sec 2 = 89.3 X 10~ 31 newton (1-3) 


In addition to being acted upon by gravity the electron is affected by 
neighboring charged bodies. Like charges repel, and unlike charges 
attract. Coulomb’s law states that the force between two charged bodies 
varies as the product of their charges and inversely as the square of the 
distance between them, i.e., 


f = 

47T€od 2 


(1-4) 


where € 0 is the permittivity of free space. In the cgs system 47 t€ 0 is equal 
to unity, but in the mks system 47r€o is equal to 1/(9 X 10 9 ) farads per m. 

If the force between two electrons spaced 1 cm apart in a vacuum is 
calculated from Coulomb’s law, it is found to be 

f ° = [i/(9 ( x 6 m]°x(omy = 2 ' 3 x 10-24 newton (1 ' 5) 

This is a very small force when compared with forces with which we 
commonly work. But when compared with that due to gravity, it is 
seen that it is a very large force, the ratio being 

fe _ 2.3 X 10 — 2 57 X 10 5 (1-6) 

f g 89.3 X 10- 31 57 X 10 (1 b) 

In other words, the force between two electrons 1 cm apart, which is an 
extremely large distance when working with electrons, is 257,000 times 
as great as the force due to gravity. Therefore the effects of gravity will 
be neglected in the remainder of this book. 

1-6. The Electric Field. 3 4 In order to understand the action of elec- 
trons in electronic tubes it is necessary to have some concept of an elec- 
tric field. The presence of an electric field in space can be detected by 
bringing a charged body into that region and noting whether there is any 
force exerted on the body. If a field is present, it is due to other charged 
bodies and hence a force is exerted on the test body. All definitions are 
set up on the idea of using a test charge which is positive in polarity. 
Therefore, if the positive test charge has a force exerted on it, it seems 
logical that the strength of the field be specified as having the same 
direction as the force. However, this method of measuring the field 
strength has one objection — the force exerted on the test charge is depend- 
ent upon the magnitude of the test charge. Hence field strength, or field 
intensity, is defined as a vector equal in magnitude to the force per unit 
test charge (positive) and having the same direction as the force. Unit 

charge in the mks system may be defined as that amount of charge which, 
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if placed 1 m from a like charge in free space, repels it with a force of 
9 X 10 9 newtons. This unit of charge is called a coulomb. £ is used as a 
symbol* for field intensity, and 



(1-7) 


A complete knowledge of an electric field involves the determination of 
the magnitude and direction of the field-intensity vector for all points in 
the space. If one supposes a small positive test charge to be placed at 
an infinite number of points in an electric field and a small arrow drawn 
indicating the direction of the force at each point, it may be noted that 
these arrows tend to line up and form continuous curves. This is the 
same process that one would use in drawing flux lines in a magnetic field 
using a small compass. Thus the direction of the field-intensity vector 
can be mapped, and it remains only to specify the magnitude of the field 
at all points. A special but important type of field is one in which the 
force, or field-intensity, lines are all parallel straight lines and in which the 
force is constant at all points. Such a field is called uniform and can 
exist in only a limited region of space. Generally the lines are curved, 
and the magnitude of the field intensity varies from point to point. If 
charge is measured in coulombs and force in newtons, the field intensity 
is in newtons per coulomb. Later it will be shown that field intensity 
can be expressed also as volts per meter. 

1-7. Potential. Since an electric field is due to electric charges, the 
lines of force representing electric flux must begin on a charge of one 
polarity and terminate on a charge of the opposite polarity. If a test 
charge is moved around a closed loop in an electric field, the total work 
done in moving the charge is zero. When the charged body is moved 
against the force of the field, work is done on the body by the external 
force and it gains potential energy. When the body is moved in the same 
direction as the force due to the field, the body loses potential energy. 
The movement of a charged body perpendicular to the field direction 
involves no work. If a charged body moves from a position of high 
potential energy to one of lower potential energy, the work done, if com- 
puted in terms of the field force, will take a positive sign and hence is 
often alluded to as the work done by the field. Conversely, the work 
done in raising the potential energy of a charged body in the field, when 
computed from the force of the field, takes a negative sign. The work 
that must be done in moving a test charge from one point to a point of 
higher potential energy can all be regained by allowing the body to return 
to the first point. 

* In this text the boldface letter has either of two meanings. As in the present 
case, it indicates that such a letter represents a vector quantity. Later, it will be 
used to designate that the letter represents a complex number. 
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The difference in electric potential between two points is defined as the 
negative of the work done by the field in moving a unit positive test charge 
from one point to the other. Therefore, if the unit positive test charge is 
moved between two points, against the force of the field, and unit work is 
done, there is a unit potential difference between the two points, with the 
second one being at a higher potential than the first. In the mks system 
this potential difference is called 1 volt. 

1-8. Equipotential Surfaces. In order better to understand what 
happens to charged bodies in an electric field, the field between two 
infinitely long parallel cylinders will be studied. The two cylinders will 
be given charges by means of a battery as shown by Fig. 1-1, which also 
shows a cross section of the two cylinders taken at right angles to their 
axes. 



Fig. 1-1. Plotting equipotential lines between two parallel cylinders. 

If a unit positive test charge is moved from the surface of cylinder A 
toward cylinder B , a point C can be found where unit work has been done 
on the test charge against the force of the field. But since the potential 
difference is defined as the negative of the work done by the field on a unit 
positive test charge, point C is at a higher potential than the surface of 
cylinder A. In the mks system point C has a potential of +1 volt with 
respect to A. If the test charge is moved along any other path, a point 
D can also be found which has a potential of +1 volt with respect to A. 
In fact, by following different paths an infinite number of points can be 
found which have a potential of +1 volt with respect to A. If all of these 
points are joined by a line, the result is an equipotential line, the cross 
section of an equipotential surface. The potential difference between 
any two points on an equipotential surface is zero; therefore, if a test 
charge is moved along an equipotential surface, no work is done. The 
same process can be followed to plot the 2-volt, the 3-volt, and other 
equipotentials for the two cylinders. The zero equipotential is the 
surface of cylinder A, and the 10-volt equipotential is the surface of 
cylinder B . 
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It has been found that if two electrodes are immersed in a slightly 
conducting solution, the equipotential lines due to the conduction of 
current through the solution are the same as those in free space where 
no current is flowing. Figure 1-2 shows the schematic diagram of the 
apparatus for making such a plot. A 1000-cps voltage is used instead 
of a direct voltage to avoid polarizing the solution and also to allow 
a pair of headphones to be used to indicate balance. The electrodes are 
made of metal and placed in a nonconducting tray filled with a thin layer 
of conducting solution. If the electrodes are made of copper, then 
the solution can be a dilute solution of copper sulfate; thus battery action 
will be avoided. The bottom of the tray has coordinate lines marked 
on it, or if it is made of glass, the 
tray can be placed on a piece of 
coordinate paper. The 1000-cps 
signal is applied to the two elec- 
trodes and to a potentiometer as 
shown. The slider of the potenti- 
ometer is moved until the voltmeter 
reads the potential of the equipo- 
tential line that is to be plotted. 

The probe is then immersed in the 
solution and moved around until a 
point is found where no 1000-cps 
tone is heard in the headphones. 

The potential of the probe is then 
the same as the potential of the 
slider on the potentiometer, which in 
turn has the potential (with respect to A) indicated by the voltmeter. 
The coordinates of the point are then recorded. This same procedure 
is repeated as many times as necessary to draw the equipotential line. 
The slider on the potentiometer is then changed to the potential of the 
next line and the procedure repeated until all equip otentials are plotted. 
Figure 1-3 shows the plot of the equipotential lines between two parallel 
cylinders, taken by means of an electrolytic tank. 

1-9. Potential Gradient. When a unit positive charge is moved 
between two points in an electric field, the negative of the work done by 
that field is a measure of the potential difference between these points. 
Hence in Fig. 1-4 if the unit charge is moved a distance As, the work done 
by the field is given by 

AW - f 8 As (1-8) 

where f 8 is the average value of the force in the space interval As. Since 
we are using a unit charge, we may rewrite Eq. (1-7) as 



Fig. 1-2. Diagram of a potential-plot- 
ting tank. 
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where S 8 is the average field intensity along the increment of path As. In 
order to find the field intensity at a point, As should be made to approach 
zero. Equation (1-12) then yields 


= 


lim 

A s — > 0 



dE 

ds 


(1-13) 


Thus from the definitions it has been shown that field intensity is equal to 
the negative of the rate of change of potential with position. 

The space derivative in Eq. (1-13) is known as a directional derivative 
since its value depends upon the direction of ds. If ds is taken along an 
equipotential, the value of dE/ds equals zero since dE is zero. However, 
if ds is taken in any other direction, dE/ds is not zero. The direction 
along which it is a maximum is that of the shortest path which joins two 
equipotential lines. This is the value of dE/ds known as the gradient 
of E , abbreviated as grad E, and it is a vector quantity. 

From the above discussion it can be seen that the field intensity at a 
point is a vector equal in magnitude to the potential gradient at that 
point and having a direction the same as the direction of the shortest 
path. This may be expressed as 


£ = — grad E 


(1-14) 


Since the field-intensity vector is always along the direction of the 
gradient and since the gradient is along the shortest path between two 
equipotential lines, the flux fines must be at right angles to the equi- 
potential fines. 

1-10. Experimental Determination of Flux Pattern. 5 A picture of 
the electric field between two cylinders can be obtained by using a rather 
deep glass jar, such as a large battery jar, and placing in it two metallic 
cylinders standing on end. Kerosene is then poured in to a depth of 
about 2 in. By means of a long-stemmed funnel carbon tetrachloride 
is poured into the bottom of the jar under the kerosene. If care is taken, 
the kerosene, having a lower specific gravity than the carbon tetra- 
chloride, will float on top. There will be a sharp surface of separation 
between the two liquids. Enough carbon tetrachloride is poured into 
the jar so that this surface is at least 1 in. off the bottom of the jar. Next 
silk fibers are cut into about MVi n - lengths and dropped into the jar. 
The silk fibers have a density such that they sink to the surface of 
separation and remain there, pointing in random directions. The two 
cylinders are then connected through a switch to a transformer furnishing 
several thousand volts. The setup is then left undisturbed for several 
minutes in order that the small fibers may come to rest. The switch is 
then closed. The fibers, which carry electric flux with greater ease than 
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do the solutions, tend to line up along the flux lines. The flux pattern 
can then be noted or photographed if a record is desired. The pattern 
stays for only a short period of time since the fibers soon become charged 
and are pulled over to one electrode or the other. Figure 1-5 shows a 



Fig. 1-5. Flux pattern between two parallel cylinders. 


photograph of such a flux pattern, while Fig. 1-6 shows the same field with 
the equipotential lines of Fig. 1-3 drawn to the same scale and super- 
imposed on the flux pattern. Here it may be noted that the two families 
of curves cross each other at right angles, except at the right edge where 
the field is somewhat distorted by the walls of the container. 



Fig. 1-6. Flux and potential field between two parallel cylinders. 


1-11. The Behavior of an Electron in an Electric Field. With this 
elementary background a study of the motion of charged particles in an 
electric field may be begun. Newton's second law was expressed mathe- 
matically in Eq. (1-2) as / = m dv/dt = ma . If it is desired to study the 

motion of an electron in an electric field, m becomes equal to the mass 
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of an electron, m e = 9.11 X 10" 31 kg, while / is the force due to the 
electric field and Q is the charge on an electron, Q e = —1.60 X 10“ 19 
coulomb (the charge on the electron is negative). Thus 


-3 = - = — = — grad E 
at 2 m m e m 


(1-15) 


If the electric field is due to two infinitely large parallel plates con- 


nected to a battery, the field between 
the plates is uniform. This means 
that the flux lines are straight parallel 
lines perpendicular to the plates and 
that the equip otential surfaces are 
planes parallel to the plates and 
equally spaced. Therefore the poten- 
tial gradient is constant at all points 
in the field and is equal to Ei/d, where 
E h is the emf of the battery and d is 
the distance between the plates. Fig- 
ure 1-7 shows the circuit and a plot 
of the potential of all points as a 
function of the perpendicular distance 



between the two plates. 

Equation (1-15) involves no coordi- 
nate system. If axes are chosen so 
that the origin is at the negative plate 
and the X axis is as shown, then the 
force and hence the motion are along 
the flux lines (unless the electron had 
an initial velocity due to some other 
force). The forces parallel to the Y 
and Z axes equal zero since they are 
parallel to the equipotential planes. 
Equation (1-15) may be rewritten as 



( 6 ) 


Fig. 1-7. Potential distribution be- 
tween parallel plane plates. 


d 2 x _ _ Qe Ei 
dt 2 m e d 


(1-16) 


If an electron is released with zero velocity at the surface of the negative 
plate when t = 0, then its instantaneous velocity can be calculated by 
integrating Eq. (1-16), 


dx f Q e Et ,, Qe Ei . p 

dt~ J m~d “ m e d ^ 1 


(1-17) 
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but since the initial velocity is zero, C 1 — 0 and therefore 

dx _ _ _ 

eft x 


If this is integrated, it becomes 




1 

2 m e d 


t 2 + C 2 


(1-18) 


(1-19) 


The electron was released at the negative plate at time t — 0, and there- 
fore C 2 = 0. Hence 

(1-20) 

2m e d 

If it is desired to calculate the velocity of an electron after it has 
traveled a distance x f this can be done by solving Eq. (1-18) for t and 
substituting this expression into Eq. (1-20). Then solving for v x yields 

If the curve of Fig. 1-7 is examined, it is seen that the potential of any 
point can be expressed in terms of the battery voltage and the distance 
x; thus 

E x =^x (1-22) 


which is the same as the part of Eq. (1-21) enclosed in parentheses. Thus 
the velocity at any point is seen to be proportional to the square root 
of the potential difference through which the electron falls. 

If the transit time of the electron is desired, then x is set equal to d and 
Eq. (1-20) yields 

«■ - 

If x is set equal to d, Eq. (1-21) gives the velocity of the electron 
when it reaches the positive plate: 

(i - 24) 

It is shown in Prob. 1-46 that the result in (1-24) can be derived from 
energy relations which do not involve a knowledge of the character of the 
electric field. Hence, whether the field is uniform or not, the gain in 
velocity of an electron depends only on the total change in potential. 
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1-12. An Electron with an Initial Velocity in a Uniform Electric Field. 

In Fig. 1-8, if an electron is released at a distance Xo from the negative 
plate, with a velocity v Qy 


dx 

dt 


Qe Eb . 

— ~rt + v o 
m e d 


(1-25) 


and Eq. (1-19) takes the form 


x 


1 QeEb 

2 m e d 


t 2 + v 0 t + Xo 


(1-26) 


In all the previous discussions the voltage between the plates was 
supplied by a battery and hence was held constant. The question now 
arises as to what is the effect of a variable voltage on the motion of an 



Fig. 1-8. Action of a uniform electric field on an electron with an initial velocity. 

electron. Let us represent this voltage by e by using lower case to indicate 
that it varies with time. Since the instantaneous value of the potential 
gradient changes, the acceleration likewise changes with time. Expressed 
mathematically, this becomes 

dt 2 m e d {1 } 


Since e b is dependent upon t y the integral of the right member of Eq. (1-27) 
is different from that found for constant E h . As an example, assume that 
e b is zero when t = 0 and rises uniformly from 0 to 100 volts in 1 X 10“ 6 
sec. Then the equation for e b becomes 


e b = 10 H 


(1-28) 


Substituting e b from Eq. (1-28) into Eq. (1-27) yields 
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and hence 


dx = _ 1 0,10° r 
dt 2 m e d 1 ^ 1 


However, if dx/dt = y 0 when t — 0, then Eq. (1-30) becomes 


and 


dx _ 1 Qe 10 8 , 

dt ~ 2 m. d + Vo 


1 Q e 10\,. . , n 

X — — ^ J- M + C^2 

6 m* d 


But if in addition x = Xq when t = 0, then Eq. (1-32) becomes 

1 Q e 10 8 , g , , , 

x = — -j- i 3 + + xo 

6 m e d 


(1-30) 


(1-31) 

(1-32) 


(1-33) 


We should always remember that Q e is a negative quantity since the 
charge on the electron is negative; hence Eqs. (1-31) and (1-33) render 
positive quantities if the potential gradient is positive. 

The equations derived in Arts. 1-11 and 1-12 for the behavior of an 
electron in an electric field can be extended to the case of any charged 
particle by appropriate substitutions of charge and mass values. 

1-13. Moving Electrons in a Magnetic Field. 7 A current-carrying 
conductor in a magnetic field has a force exerted on it if the directions of 
current flow and of the magnetic flux are not parallel. This is because of 
the interaction between the external magnetic field and the magnetic field 
set up by the current. 

If the conductor is at right angles to the magnetic-flux lines, then the 
force on the conductor can be written as 


/ = Bil (1-34) 

where l is the length, in meters, of the conductor in the magnetic field, 
B is the flux density in webers per square meter, i is the current, in 
amperes, flowing in the conductor, and / is the force in newtons. How- 
ever, if the directions of current flow and of the flux lines make an angle 
6 with each other as shown in Fig. 1-9, the flux-density vector can be 
resolved into two components, B x in the same direction as the current 
flow and B y at right angles to the direction of current flow. There is no 
interaction between B x and the flux due to the current flow. But B y pro- 
duces a force on the conductor. This force is at right angles to the plane 
of B and the conductor. It is up out of the plane of the paper, and its 
magnitude is equal to 


f z = B y il 


(1-35) 
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But since B y = B sin 6 , Eq. (1-35) can be written 

fz = sin 6 (1-36) 

The force per unit length of conductor is then 

/' = Bi sin 9 (1-37) 

Since current flow is actually the motion of electrons, the force on the 
conductor is really a force on the electrons in it, which are moving in a 
direction opposite to that conventionally assigned to current flow. 

If the electrons in a conductor are moving with a velocity v 7 then in 1 sec 
all the electrons in a length of conductor equal tom pass a certain refer- 
ence point. If the conductor has n charged particles (or n electrons) per 



unit length of path, then in 1 sec nv electrons pass the reference point. 
Since the charge on the electron is Q e coulombs and current is the rate of 
flow of charge, the current can be expressed as 

i = Q e nv (1-38) 

and therefore Eq. (1-37) may take a form 

f z = BQ e nv sin 9 (1-39) 

and the force per electron is 

f e = BQ e v sin 9 (1-40) 

If an electron with constant velocity is projected into a magnetic field, 
with the direction of motion at right angles to the flux lines, the value of 
6 is 90° and Eq. (1-40) becomes 

fe = BQ e v (1-41) 

This force is always at right angles to the direction of motion and hence 
will not change the speed of the electron. The path which results will be 
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curved. The acceleration caused by the force is, from kinematics, equal 
to v 2 /r , where r is the radius of curvature of the path. From Newton’s 
second law, f — ma , 


on m * v 
BQeV = — — 
r 


(1-42) 


BQe 


(1-43) 


From this it can be seen that the path of an electron moving in a uniform 
magnetic field which is at right angles to the direction of motion must be 
circular since the radius is constant. 

+ + + + + + + 



Fig. 1-10. Tube for measuring the charge-to-mass ratio for electrons. 


The above discussion suggests one method of measuring the charge-to- 
mass ratio of an electron by means of a moving electron in a magnetic 
field. A beam of electrons is projected at a known velocity into a uniform 
magnetic field in a special semitoroidal tube as shown in Fig. 1-10. The 
velocity of the electrons can be calculated from the relationship 

v = J-2 ^E b (1-44) 

\ m e 


which is the velocity of the electrons as they leave the electron gun. In 
the drawing their direction of motion would normally be toward the top 
of the page, but because of the action of the magnetic field, which is shown 
as flux lines into the plane of the paper, the path will be curved. By 
proper adjustment of the voltage E b and of the strength of the magnetic 
field, which is produced by means of large electromagnets, the electrons 
can be made to follow a circular path such that they strike the electrode 
A , This will be indicated by a current in the galvanometer <?, The dis- 
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tance between the center of the gun and the pickup electrode determines 
the radius of curvature. The flux density B can be determined by means 
of a fluxmeter or by calculations. From Eqs. (1-43) and (i-44) 

Qe 2 Eb 




r 2 5 2 


(1-45) 


1-14. Magnetic Focusing of an Electron Beam. If an electron with 
an initial velocity Vo is projected into a magnetic field so that the direction 
of its motion is not at right angles to 
the flux lines, then the force on the 
electron is given by 


f e — BQeVo sin 0 (1-46) 

where 0 is the angle between the direc- 
tions of motion and of the magnetic- 
flux lines. The velocity vector can 
then be resolved into two components, 
one of which is parallel to the flux 
and the other at right angles to the 
flux as shown in Fig. 1-11. The magnitude of the velocity vector 
parallel to the flux is given by 



V x = l >0 cos 0 


(1-47) 


and results in zero force on the electron. The magnitude of the velocity 
vector at right angles to the flux is given by 

v y = vo sin 0 (1-48) 

and results in a force on the electron such that the electron travels in a 
circular path having a radius 

m e v o sin 0 


r = 


BQ t 


(1-49) 


But at the same time that the electron is moving in a circular path per- 
pendicular to the flux, it is also moving parallel to the flux at a constant 
velocity given by Eq. (1-47). The result of these two motions is a helical 
path with constant pitch. The peripheral velocity for the circular motion 
is given by Eq. (1-48); therefore the angular velocity is 

« = (1.50) 


Substituting r from Eq. (1-49) into Eq. (1-50) yields 

QeB 

CO = 

m e 


(1-51) 



18 


ENGINEERING ELECTRONICS 


The time T for one complete revolution of the circular motion is available 
from 


Tv o sin 6 = 2 xr 


(1-52) 


or 


T = 


2xr 

y 0 sin 0 


(1-53) 


hence upon substituting r from Eq. (1-49) into Eq. (1-53) we obtain 



If L is the pitch of the helix, 

% r nip 

L = Tv x = Tv 0 COS 6 = -fj -yr- ^0 cos 6 

& He 


(1-54) 

(1-55) 


A magnetic field is sometimes used to focus an electron beam in a 
cathode-ray tube. Such a field is known as a magnetostatic electron 







lens and takes the form of either a long lens or a short lens. The magnetic 
field in the long lens extends over the whole length of the electron path. 
Figure l-12a shows how a divergent beam of electrons, produced by an 
electron gun, is focused by a long lens. The electrons in the divergent 
beam follow helical paths because of the magnetic field along the axis of 
the tube. The projections of the paths of the electrons, on a plane per- 
pendicular to the direction of motion, are circles which pass through the 
axis of the tube shown in Fig. 1-126. The time of revolution for each 
electron is independent of the angle of divergence of the beam. This is 
shown by Eq. (1-54). If the angle of divergence is small, then cos 0 is 
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essentially equal to unity and Eq. (1-47) indicates that all electrons will 
have approximately the same translational velocity. Therefore at the 
end of one revolution they will all be in the same relative positions as 
when they entered the magnetic field. By adjusting the magnitude of 
the magnetic field, which is produced by a long solenoid, the electrons can 
be made to go through one or more complete revolutions during their 
flight down the tube, thus focusing the aperture of the gun on the end of 
the tube or on another electrode, as shown in the figure. 

In the short form of the magnetostatic lens the focusing field may be 
produced by a short coil (or a permanent magnet) surrounding the tube. 
The axis of the coil is concentric with the axis of the tube as shown in 
Fig. l-12c. The magnetic field produced by the coil, which is short com- 
pared with the length of the electron path, causes the electrons to follow 
helical paths while passing through it. The strength of the magnetic 
field is adjusted so that the electrons leave the field with radial compo- 
nents of velocity of such magnitude that they are focused into a small 
spot at the terminus of the paths. This is the form of lens most com- 
monly used to focus television-picture tubes. 

1-15. The Cathode-ray Tube 6 — Electrostatic Focusing. One of the 
simplest applications of electron ballistics to electronic tubes is found in 
the cathode-ray tube. Here low-velocity electrons are accelerated by 
means of an electric field. While they are being accelerated, they are also 
being focused into a very narrow beam. They may then pass between 
electrodes called deflecting plates, where their direction of motion is 
changed by a voltage applied between the plates. The electrons then are 
allowed to travel the length of the tube. When they strike the end of the 
tube and are stopped suddenly, they give up their kinetic energy. The 
end of the tube is coated with a substance called a phosphor. This mate- 
rial has the property of being able to convert the energy of the electron 
into light energy. Where the electrons strike the end of the tube, a 
bright spot of light appears. 

Thus it can be seen that the most important parts of the cathode-ray 
tube are those which produce, accelerate, and focus the electron beam, the 
deflection system, and the phosphor or screen. The elements which pro- 
duce, accelerate, and focus the electrons constitute the electron gun. 
Figure 1-13 is a sketch of the cross section of a very simple cathode-ray 
tube. The electron gun has a cathode K which when heated produces or 
emits electrons. These electrons are emitted in a direction normal to the 
surface of the cathode, but because of the force of repulsion between elec- 
trons they have a tendency to spread, or fan out. The grid G is a cylinder 
with a cap over one end. In the center of the cap is a very small hole, or 
aperture. This aperture permits passage of only that portion of the beam 
which is moving approximately parallel to the axis of the tube. The 
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potential of G can be made more or less negative, and thus it controls the 
rate of flow of electrons passing through the grid. While passing between 
the grid and the first anode A h the electrons are accelerated and also 
focused into a convergent beam. After passing through a crossover, or 
focal, point, the beam again becomes divergent but soon after enters the 
space between the first anode A i and the second anode A 2 . Here again it 
experiences a force, an acceleration, and a focusing action. But by this 
time the velocity of the electrons has become so great that they do not 
go through another crossover point until they reach the screen. Hence 
the spot of light on the screen should be very small. Figure 1-13 shows 
the focusing action of the cylindrical electrodes used in this simple gun. 



The reason why an electric field can be used to focus an electron beam 
will be better understood if Fig. 1-14 is studied. This sketch shows three 
equipotential lines between the first and the second anodes. They are 
symmetrical about the x axis. If an electron traveling along the x axis 
arrives at point P with a velocity iq, it has a force 

fi = — Q e grad E (1-56) 

exerted on it by the electric field, grad E in this case has a direction 
along the x axis, and its magnitude may be variable between P and Q. 
The result is that the electron is accelerated and arrives at point Q with a 
velocity which is greater in magnitude but still directed along the x axis. 

However, if an electron arrives at the equipotential E i and is not travel- 
ing in a direction which is normal to the equipotential, then the direction 
of motion of the electron will be changed. If the electron reaches point 
R with a velocity v 2 , it has a force exerted on it by the field equal to 

f 2 = grad E 


(1-57) 
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Since grad E always has a direction normal to the eqnipotential, at E it 
has a direction shown in the figure. The resultant motion of the electron 
is due to the force / 2 in Eq. (1-57) and to the initial velocity v 2 of the 
electron. The path therefore is somewhere between the direction of / 2 
and that of v 2 and is bent in toward the axis of the tube. The amount of 



Fig. 1-14. Focusing action of the electric field in an electron lens. 



Fig. 1-15. Potential field of a two-cylinder electrostatic lens. 


bending depends upon the magnitude and direction of both the field inten- 
sity at each point on the path and the velocity of the electron. 

Making the proper choice of electrodes for an electron gun depends 
largely upon experience gained in laboratory experimentation. The field 
for any symmetrical electrode configuration can be determined by plot- 
ting the equipotential lines using an electrolytic tank in a manner similar 
to that explained in Art. 1-8. Figure 1-15 shows such a plot. Here it 
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may be noted that the equipotentials are shaped to cause a convergent 
beam until the electrons reach the plane between the two cylinders. 
There they enter a portion of the field that tends to cause the beam to 
diverge. However, because of the larger radii of curvature of the equi- 
potential surfaces together with the higher velocities of the electrons in 
their convergent paths, the divergent effect of the new portion of the field 
is relatively weak. With proper adjustment of electrode potentials the 
paths of the electrons can be made somewhat divergent, approximately 
parallel, or convergent, as desired. 



1-16. The Deflection of the Electron Beam in a Cathode-ray Tube. 

As an electron beam passes through the field of the electron gun, it is 
accelerated and leaves the gun with a velocity 

•• - V _2 isr (1 - 68) 

where E a is the potential of the second anode relative to the cathode. 
The electrons then travel along the x axis with this constant velocity until 
they strike the end of the tube at point P in Fig. 1-16, unless they enter 
another field which causes further acceleration. 

If the latter field is due to two flat plates parallel to the axis of the tube 
and with a voltage E d between them, then the acceleration is at right 
angles to the x axis and the beam of electrons travels in a curved path 
as shown in Fig. 1-16. The acceleration of the beam is given by its 
components 

<Py = _ Qe_Ed 

v dt 2 d 

a x = 0 


(1-59) 

(1-60) 
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Equation (1-60) holds since there is no field parallel to the x axis in this 
region. Integrating Eq. (1-59) gives 


dy 

dt 






(1-61) 


but Vq = 0 since the electrons have no component of velocity parallel to 
the y axis when they enter the space between the plates. Omitting 
and integrating (1-61) yields 


y = - 


Q±E* 

2m e d 


t 2 + y o 


(1-62) 


But 2/0 = 0 when the electron enters the field since it is traveling along the 
x axis. 

Integrating Eq. (1-58), the equation for the motion in the x direction 
can be written as 

x = ^j-2^^i+xo (1-63) 


If the origin is set so that x = 0 when the electron just enters the field 
between the plates, then x 0 = 0 when t = 0. It follows that 


x __ x 

Vz -2{Q t EJm e ) 


(1-64) 


Combining Eqs. (1-62) and (1-63) to eliminate t yields 


1 Ed 2 

y = TdW a x 


(1-65) 


and since d , E d , and E a all are constant, (1-65) is the equation of a parab- 
ola, which holds only as long as the electrons are between the two plates 
and are being accelerated by the field between them. As the electrons 
leave the field between the plates, they continue in straight lines. The 
angle their direction makes with respect to the horizontal is given by 

u..-*, ' 

v x 


where v yd is the y velocity of the electrons at the instant they leave 
the field. In order to calculate this velocity, the time required for the 
electrons to travel the length of the plates must be known, and this can 
be calculated from Eq. (1-64) by letting x = L d , 


t d — 


Ld 

V -2Q e EJm e 


(1-67) 
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Substituting t d into Eq. (1-61) results in 


Qe Ed 

Vyd = ~~ 


«• d V-2 Q e EJm e 

Substituting from Eq. (1-58) and (1-68) into Eq. (1-66) gives 

l Ed L d 

tan9 = 2J„I 


( 1 - 68 ) 


(1-69) 


If the path of the electrons after leaving the plates is extended back as a 
straight line until it intersects the x axis, it does so at the point Q where 
x = L d /2. This can be proved as follows. 


From Eq. (1-62) 


tan 9 = t — — — - 

Ld Xq 

(1-70) 

„ 1 Q e E d 

y *=~2 m.-d U 

(1-71) 


Substituting t d from Eq. (1-67) into Eq. (1-71) yields 


E d L d 2 

Vi ~ \ FJ 


(1-72) 


Substituting from Eq. (1-72) into Eq. (1-70) and equating the result to 
tan 6 given by Eq. (1-69), 


Ed L d 2 1 

4 E a d L d — x Q 


gives, when solved for x Q , 



1 Ed L d 
2E~ a J 


(1-73) 

(1-74) 


Thus the projection of the straight-line portion of the path of the electrons 
always intersects the x axis at the center of the region between the plates. 
Since this is true, it is no longer necessary to use the expression for the 
parabolic path, Eq. (1-65), in order to calculate the deflection of the 
electrons. Instead, the path is taken to be along the axis of the tube 
until the electrons reach the point Q, where they make a sharp turn at an 
angle 9 with the tube axis. They then travel along a straight line until 
they strike the screen. 

The deflection sensitivity of a cathode-ray tube is the ratio of the deflec- 
tion D of the beam at the screen to the voltage causing that deflection. 
From similar triangles we may write 


D 
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and from this and Eq. (1-69), 

D E d L d 
L 8 2 E a d 


d-76) 


Solving for the deflection sensitivity, 


D __ L B Ld 

Ed ~ 2 Ead 


(1-77) 


Thus we see that the deflection sensitivity is a function of the tube geom- 
etry and of the accelerating voltage. In order to have a high sensitivity 
the plates should be as long and as close together as possible. Since the 
beam should not strike the plates, the length and the spacing between 
them are limited by the maximum angle 0 required for the beam to reach 
the edge of the screen. Also for high sensitivity the length of the tube 
from the center of the deflecting plates to the screen should be as long as 
practicable. 

It should be noted that all the discussion up to this point has been for a 
constant voltage on the deflecting plates. However, if the voltage is 
approximately constant for the time that it takes an electron to travel the 
length of the plates, then these same relationships hold for each electron. 
Therefore, a varying voltage may be applied to the deflecting plates, and 
if the variation in voltage is small during the time the electron is between 
the plates, then that instantaneous value of voltage determines the 
amount of deflection at the screen. Equation (1-77) then gives 


D = 


L 8 L d 

2 E a d d 


(1-78) 


If e d = E d m sin cot and if the time of 1 cycle of the sinusoidal voltage is 
large compared with the time it takes an electron to pass between the 
plates, then the deflection at the screen is proportional to the instantane- 
ous values of the deflecting voltage and hence is sinusoidal. 

The important fact that the electric field extends, or fringes, beyond the 
edges of the deflecting plates has been neglected in the derivation. Actu- 
ally the deflection sensitivity is greater than the above equations predict. 
Empirical relationships have been developed to account for this effect of 
fringing. For the case of the parallel plates it is found that the length of 
the plates should be considered as the actual length plus an amount equal 
to the distance between the plates, or 


L f d = L d + d 


Equation (1-78) then becomes 

D = 


L 8 L f d 
2 E a d 




(1-79) 


(1-80) 



26 


ENGINEERING ELECTRONICS 


Actually a cathode-ray tube with electrostatic deflection has two sets 
of deflecting plates, one in front of the other and with their planes at right 
angles as shown in Fig. 1-13. Thus one set of plates deflects the beam in 
one direction, while the other set deflects it in a perpendicular direction. 
If the tube is oriented so that one set of plates deflects along the horizon- 
tal, or x, axis, then the other set 
deflects along the ?/, or vertical, 
axis. Now if the first set, or hori- 
zontal plates, can be made to move 
the spot across the screen at a con- 
stant rate and the second set to 
move it vertically at a sinusoidal 
rate, the spot should trace a sine 
wave on the face or screen of the 
tube. This can be effected by 
causing the horizontal-plate poten- 
tial to vary linearly with time by 
means of a saw-tooth wave such as 
shown in Fig. 1-17. At the same 
time the voltage applied to the ver- 
tical deflecting plates is sinusoidal. 
If the time for 1 cycle of the saw- 
tooth is the same as the time for 1 cycle of the sinusoidal wave, then 1 
cycle of the sine wave will appear on the screen of the tube. If the time 
of 1 cycle of the saw-tooth is equal to the time of 2 cycles of the sine wave, 
2 cycles will appear on the screen. 

The saw-tooth waveshape necessary for the linear-time axis can be 
generated by means of an electronic circuit known as a sweep, or saw- 
tooth, generator. The voltage output of this circuit is usually so small 
that the saw-tooth wave must be amplified before it is applied to the 
deflecting plates. Likewise the voltage which is applied to the vertical 
plates may also be amplified if it is not large enough to deflect sufficiently 
the beam in the cathode-ray tube. 

Thus it can be seen that the cathode-ray tube with its necessary 
circuits, such as rectifiers, sweep generators, and amplifiers, can be used 
for studying or examining the operation of a-c circuits. Such a device 
is known as a cathode-ray oscilloscope. 
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PROBLEMS AND QUESTIONS 

1. A uniform tungsten wire is sealed in vacuo and a direct voltage applied as shown 
in Fig. 1-18. (a) Sufficient current is passed through the wire to warm it but not to 

cause electrons to be emitted. Is one end of the wire warmer than the other, and if so, 
why? (6) The battery voltage is raised until the tungsten wire emits electrons. 
Should the switch be in position 1 or 2 to cause a deflection of the milliammeter? 
(c) Should the positive terminal of the milliammeter be down or up in the diagram? 




2. Three particles, each with a negative charge of 1 microcoulomb, are located at 

points o, b, and c (Fig. 1-19). (a) Determine the magnitude of the resultant force on 

the particle at (c). ( b ) Determine the direction of this force, using a horizontal 

reference. 

3 . A free electron is in a uniform electric field whose strength is 10,000 newtons 
per coulomb. If the electron is initially at rest, what is its velocity at the end of 
0.002 jusec? 

4. In Fig. 1-20 an electron traveling from left to right reaches hole A (very small) 

with a velocity v Q = 7 X 10 2 3 4 * 6 m per sec. Determine its velocity v when it passes 

through hole B (also very small) by two methods : (a) Begin with the relation / = ma , 
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and write all steps to a final formula for v in terms of v 0 , E b , and the charge-to-mass 
ratio. ( b ) Use the first and third members of the equality (KE) 5 — (KE)i — 
— (Ub — U a) = — Q(E b — E a ), where KE is kinetic energy and U is potential 
energy, to obtain an expression for v at position B. 



5 . Two parallel plane plates, A and B, are 1 cm apart. An electron is at rest very 
close to pfate A. At time t — 0, the voltage on plate B is made 1 volt positive rela- 
tive to plate A by means of a square-wave generator. The 100-Mc-voltage wave- 
form thereafter is shown in Fig. 1-21. (a) Determine the velocity and the distance 

traveled at the end of 3^ cycle. (6) Repeat for 1 cycle, (c) Does the electron ever 
reach plate B ? 




6 . The square-wave generator in Prob. 5 is replaced by a pulse generator which 

supplies to plate B the waveform of voltage shown in Fig. 1-22. (a) How far has 

the electron traveled at the end of 1 X 1CU 6 7 8 9 10 sec? (6) What is its velocity? (c) How 
long will it take the electron to reach plate B? 

7 . The generator in Prob. 5 is replaced by a sine-wave generator for which e b = E bm 
sin ut. Derive expressions for the velocity of and the distance traveled by the 
electron. 

8. An electron initially at rest is first accelerated by an electric field caused by a 
potential difference of 1000 volts between two parallel plates 0.1 m apart. The 
second plate has a small hole through which the electron passes into a space free of 
electric field. This space does have, however, a uniform magnetic field of 0.5 weber 
per m 2 perpendicular to the direction of motion of the electron at the instant of enter- 
ing this space, (a) Determine the speed of the electron while in the magnetic field. 
( b ) Determine the radius of the circular path traveled by the electron, (c) Calculate 
the time required for the electron to complete a semicircle. 

9 . Why does a beam of electrons have a tendency to spread? 

10 . At a given time two electrons are very close together and have the same speed. 
One has a velocity parallel to a uniform magnetic field ; while the other makes a small 
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angle with the field. Both electrons will eventually hit a screen in the tube, (a) Can 
a screen distance be computed so the electrons will hit the same spot? (b) Will the 
electrons hit at the same time? Explain. 

11 . Refer to Fig. 1-16. If the distance from the center of the deflecting plates to 
the screen is 30 cm, the length of the deflecting plates is 2.5 cm, the distance between 
them is 0.7 cm, and the second-anode voltage is 2000 volts, calculate (a) the velocity 
of the electron along the axis of the tube, (b) the time required for the electron to pass 
between the deflecting plates, (c) the deflection sensitivity of the tube, ( d ) the magni- 
tude of the deflection at the screen (the deflection voltage being constant and equal to 
100 volts), and (e) the corrected deflection for this tube if fringing of the field about 
the deflecting plates is to be considered. 

12 . An electron with energy of 1000 electron volts enters the field between the two 
large parallel plates shown in Fig. 1-23. The motion is initially perpendicular to the 
field, and the point of entrance is halfway between the plates. Determine the distance 
A at which the electron strikes the upper plate (neglect field fringing). 



Fig. 1-23. Fig. 1-24. 

13 . In Prob. 12 what direction and strength of magnetic field are required to pre- 
vent deflection of the electron while between the plates? 

14 . In order to distinguish between two isotopes of helium having atomic weights 
3 and 4, respectively, ions of each are introduced through hole X (Fig. 1-24) and 
accelerated to pass through hole Y. At Y they enter a magnetic field which is parallel 
to the plates. B = 0.1 weber per m 2 . Determine the distance d between the marks 
produced on a photographic film lying on the right-hand plate. 

16 . The anode of an X-ray tube is at 100,000 volts relative to the cathode, (a) 
What energy in joules will an electron have which starts from rest at the cathode and 
travels to the anode? (b) If the anode current is 5 ma, what power must be dissipated 
by the anode? Neglect the energy possessed by the X rays. 
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2-1. Introduction. In the previous chapter the effects of electric and 
magnetic fields on the motions of electrons were discussed in some detail. 
These constitute a very important phase of electronics, but free electrons 
in space must be produced by one or more of the following processes: 

1. Thermionic emission 

2. High-field emission 

3. Secondary emission 

4. Photoelectric emission 

5. Ionization of gases 

6. Radioactivity 

The first five of these will be studied in turn, but this chapter deals only 
with the first three in detail and photoelectric emission very briefly. 
Ionization of gases will be discussed in Chap. 13, Conduction through 
Gases. Radioactivity does not assume great importance in our study. 

2-2. Structure of the Atom. 1 If a periodic chart of the atoms is 
examined, it will be noted that there are over 90 different elements 
appearing in nature. Each element has a different atomic weight and its 
own chemical properties. If the atoms of the various elements could be 
magnified until they become visible, it would be seen that all atoms of any 
element are almost identical. Each would resemble a miniature solar 
system consisting of a large central body called a nucleus and one or more 
electrons revolving in elliptical paths, or orbits, about it. Furthermore, 
it would be noted that the electrons travel in certain distinct orbits at 
definite but different energy levels. The more energy an electron has, 
the larger the radius of its orbit. Also an electron never goes from one 
energy level to another without either absorbing or giving up energy. 
In the lowest level, which is closest to the nucleus, there is room for 2 
electrons; in the next higher level there is room for 8 electrons, for 18 in 
the next, etc. Each level is able to accommodate a certain maximum 
number and no more. In a normal atom each level is filled to capacity 
before any electrons appear in the next higher level. Thus in the normal 
atom all electrons are revolving in orbits as close to the nucleus as they 
can get, with the low-energy, or tightly bound, electrons close to the 
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nucleus and the high-energy, or loosely bound, electrons farther from the 
nucleus. These loosely bound, or high-energy, electrons are the ones in 
which we are interested since they are the ones which will become the free 
electrons necessary for the flow of current in a conductor or for the 
emission of electrons in a vacuum tube. 

2-3. The Nucleus. A few facts concerning the nucleus might well be 
reviewed at this time. The nucleus, as stated in Chap. 1, is a very heavy 
body when compared with an electron. The mass of the hydrogen 
nucleus is 1849 times that of an electron. The nucleus includes one 
or more protons and in some cases one or more neutrons and positrons. 
The net charge on the nucleus is positive and equal in magnitude to the 
total charge on the electrons associated with it. This results in forces 
of attraction between the nucleus and the electrons. These are part of 
the forces which hold the electrons in their orbits about the nucleus. 

2-4. Free Electrons in a Metal. When the structure of any metal is 
studied, it is found to be an aggregate of crystals of various sizes. A 
crystal in turn is found to consist of an orderly or geometrical arrangement 
of atoms in three-dimensional space, these atoms being held in position 
by interatomic forces. Each atom is composed of a positive nucleus 
surrounded by orbital electrons, as explained in the previous article. 
Thus when the atoms are brought into some sort of regular pattern, as 
they are in a crystal, the outermost electrons in any atom will be acted 
upon not only by their parent nucleus but by neighboring nuclei as well. 
In fact some of the orbits may actually overlap, and the forces on the 
electron due to the two positive nuclei cancel each other. The electron 
is then no longer bound to a nucleus and hence is free to be acted upon 
by any other force or field which may be present. If now a voltage sets 
up an electric field in the metal, the electrons will move or drift toward 
the point of more positive potential. It is this motion or drift of electrons 
which constitutes current flow in a metal. 

When an electron becomes free, it has a certain amount of energy asso- 
ciated with it. In fact, if the energies of all free electrons in a certain 
metal at zero degrees Kelvin (0°K = — 273°C) could be measured, it 
would be found that they possess kinetic energies ranging from very 
small values up to a definite maximum value which would depend upon 
the properties of the metal. There would be no electrons possessing 
energies greater than this amount no matter how many samples of the 
metal were examined. If the metal were heated, it would be found that 
the energies of the free electrons would be increased. At ordinary room 
temperatures these free electrons could move about in the metal but 
very few would be able to escape from the body of the metal. 

2-5. Electron Escape from a Metal. The reasons why an electron has 
difficulty in escaping from the surface of a metal can probably best be 
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shown by investigating the forces between a positive nucleus and an 
electron as the electron is moved farther and farther away from the 
nucleus. 

Consider a single electron in the field of an isolated nucleus. The 
nucleus has a positive charge and the electron a negative one ; hence there 
is a force of attraction between them in accordance with Coulomb’s law,* 


f = 


( ZQe)Qt 

4?T€o^ 2 


( 2 - 1 ) 


where / = force of attraction 

Z — atomic number of the atom, which equals the number of 
electrons surrounding the nucleus 
Q e = charge on the electron 
— Q e Z = positive charge on the nucleus 

r = distance between the electron and the nucleus 
€o = permittivity of free space, l/(367r X 10 9 ) in the mks system 
Figure 2-1 shows the force on the electron as a function of the distance 
r from the nucleus. From this figure and from Eq. (2-1) it can be seen 

that the force attracting the electron 
to the nucleus does not equal zero until 
the distance r is equal to infinity. 
Therefore, if an electron is to escape 
the attractive force of a positive nu- 
cleus, it must be given enough kinetic 
energy to carry it to infinity. 

Now let us assume that, on account 
of the energy it already possesses, an 
electron arrives with zero velocity at a 
point located a distance r from a nu- 
cleus. It is desired to calculate the 
added energy required by this electron in order to free it. This can be 
done by calculating the amount of work done against the force, given by 
Eq. (2-1), while moving the electron to infinity. 



Fig. 2-1. Force on an electron in the 
vicinity of an isolated nucleus. 


w 


r oo r oo 

= / 


ZQl , _ ZQl 

47T€or 2 47T€or 


(2-2) 


This relationship is shown in graphical form in Fig. 2-2. It will be useful 
later. 

When electrons escape from their orbits within a metal, they can do so 
because the attractive forces of adjacent nuclei cancel the forces holding 

* Coulomb’s law holds only for values of r which are many times greater than 
atomic radii. Hence the discussion following Eq. (2-1) is valid only for relatively 
large distances between nucleus and electron, 
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them in their orbits. However, in the case of electrons trying to escape 
from the surface of the metal, there are no adjacent nuclei on the outside 
of the metal to cancel the forces of attraction between the electrons and 
the nuclei of the metal. Therefore, if an electron arrives at the surface 
of a metal with a given amount of energy, it will try to leave the surface 
but will be pulled back in unless it has enough kinetic energy to carry 
it to infinity. This is analogous to throwing a ball up into the air. It 
will always return unless you can give it enough energy to carry it out 
past the gravitational field, which would mean out to infinity unless other 
heavenly bodies interfere. At room temperature few electrons possess 
sufficient energy to escape from the binding forces at the surface of a 



Fig. 2-2. Energy required by an electron to escape the force attracting it to an iso- 
lated nucleus. 

metal. But as the metal is heated the energies of the free electrons are 
increased, until finally at a very high temperature many of the electrons 
will have enough energy to escape from the surface. We then have what 
is known as thermionic emission. 

2-6. The Work Function. An analysis of the energies involved in the 
escape of electrons from the surface of a metal is considerably more 
complicated than that discussed in the preceding article for the escape 
of one electron from an isolated nucleus. For a simplified qualitative 
explanation, however, let us assume that the graph of Fig. 2-2 is applicable 
to the problem of electron escape from the surface of a metal. 

Let us denote by W B the energy required for the escape of an electron 
which arrives with zero velocity at the surface of a metal. Also let us 
indicate by W m the maximum energy, at 0°K, possessed by any electron 
arriving at the surface of a metal and moving in a direction normal to it. 
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The added energy required for the escape of the latter is called the work 
function W w of the metal. Thus 

W w = W B — W m (2-3) 

W w is therefore the minimum energy that must be supplied to the elec- 
trons in a material at 0°K in order to give them enough energy to over- 
come the boundary forces trying to hold them within the surface of the 
material. Note that this definition specifies the minimum energy. 
This means the energy which must be supplied to the highest-energy 
electrons which exist in the material at 0°K. 

2-7. The Electron-volt as a Unit of Energy. The ordinary unit of 
energy in the mks system is the joule, but the work function is usually 
expressed in electron-volts. If an electron falls through a potential 
difference of 1 volt, it acquires an energy given by 

-Q e E = 1.6 X 10- 19 X 1 = 1.6 X 10- 19 joule (2-4) 

The energy gained is proportional to the voltage through which an elec- 
tron falls. Therefore energy can be expressed in terms of voltage. If an 
electron has fallen through a potential difference of 1 volt, we say that it 
has 1 electron-volt of energy instead of saying that it has 1.6 X 10“ 19 
joule of energy. 

If the minimum energy W w required for the escape of an electron is 
equivalent to that acquired by the electron in falling through <t> e volts, 
then 

W w = —<i>eQe joules (2-5) 

where <f> e is the work function expressed in electron-volts. 

2-8. Contact Difference in Potential. When two dissimilar metals are 
put in good electrical contact, a potential difference will be found to exist 
between them. This potential difference is known as the contact 
potential difference and is numerically equal to the difference between 
the work functions of the two metals when expressed in electron-volts. 
It is due to the fact that electrons can pass from the material of low 
work function to that of the high work function more easily than in the 
reverse direction. The high-work-function material then becomes 
negatively charged, and electrons find it increasingly difficult to pass from 
the low- to the high-work-function material. The charge builds up until 
the net transfer of charge is zero, and at this point the high-work-function 
material has a negative potential relative to the other material. As a 
rule the contact potential difference is not large enough to cause serious 
trouble in electronic tubes, but occasionally the effect must be considered 
in explaining their action, particularly when the element is sensitive to 
small changes of voltage as is the grid in a triode. 
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2-9. Thermionic Emission. When any solid is heated, an increase in 
the random motion of free electrons is one of the results. These electrons 
are moving in all directions in the material, and therefore some of them 
arrive at the surface with components of velocity normal to it. As the 
temperature is increased, they arrive with higher and higher velocities 
until a temperature may finally be reached where they have enough 
energy to free themselves from the boundary forces. This phenomenon 
is known as thermionic emission. 

An equation relating the temperature of a solid to the emission current 
has been derived both theoretically and experimentally. It is 


J 8 = A T 2 c~ h/T 


(2-6) 


and is known as Richardson’s equation.* J 8 is the emission-current 
density and is determined by the rate of escape of the electrons. A is a 
constant that is determined by the physical characteristics of the material 
and is most easily determined by experimental means. On the other 
hand, b, which is also a constant, can be determined theoretically and 
is found to be 


W v _ -<t> e Q e 
k k 


(2-7) 


where k is Boltzmann’s constant and is equal to 1.38 X 10 -23 joule per °K. 
When numerical values are substituted for the constant quantities in 

Eq. (2-7), 

b = 11,605*. (2-8) 

where is the work function expressed in electron volts. Thus we see 
that the emission current obtainable from a given material is partially 
determined by the work function. The best emitters have low work 
functions. 

Of equal and often greater importance than a low work function is the 
ability of a material to be heated to a high temperature without damage. 
Temperature, expressed in degrees Kelvin, appears both as T 2 and in the 
exponent of e in Eq. (2-6). Thus a high enough value of T will offset the 
disadvantage of a high value of <j > e . Unfortunately all metals have 
melting points, some being so low that melting occurs before an efficient 
emission point is reached. Even though a material has a high melting 
point, it cannot be operated at a temperature anywhere near that value 
or it will begin to evaporate. The melting point of tungsten is 3643°K; 
yet a tungsten filament is operated at only about 2600°K. At tem- 
peratures above this the rate of evaporation becomes so high that the 
life of the filament is very short. 

* Also known as Bushman’s equation. Richardson and Bushman independently 
derived this form of the equation. 
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Another important characteristic of an emitter is that it must be 
mechanically strong at the temperature necessary for efficient operation. 
Otherwise it will break when the tube is subjected to mechanical shock 
or sustained vibrations. 

2-10. Measurement of Thermionic Emission. To determine the 
emission constants for any particular metal, a tube with special con- 
struction is necessary. Figure 2-3 
shows such a tube in which F is a 
filament along the axis of the 
cylindrical plate, or anode A. All 
filaments are cooled at the ends 
because of the lead wires, which 
are of large diameter in order that 
they will remain cool. Since the 
emission constants must be deter- 
mined for a filament of uniform 
temperature, the emission from the 
cooled ends of the filament should 
not be measured. Therefore two 
guard rings are connected as shown. 

Emission from only that part of the 
filament with uniform temperature 
is measured, and any end effects due to variation in temperature or 
electric field are eliminated. The entire structure is mounted on a stem, 
sealed into a bulb, and evacuated. The temperature of the filament can 
be measured by means of an optical pyrometer sighted on it through 
the hole H, The emitted electrons are drawn to the anode by the field 
set up by the voltage E b) which is made large enough to attract all 
those emitted. The emitted current I s is measured by the milliammeter 
and is called the saturation current. From the measured values of I 8 
and the dimensions of the filament, the current density J s may be found 
for any particular value of temperature T. In order to find the values 
of A and b from these data, it is most convenient first to write Richard- 
son’s equation in the following form: 

= Ae-vr (2-9) 

Then write Eq. (2-9) in logarithmic form, 

log = -0.434& I + log A (2-10) 

the logarithms being to base 10. When the data are plotted on rec- 
tangular-coordinate paper using log ( J s /T 2 ) as the ordinate and 1/T 



Fig. 2-3. Tube for determining the 
emission characteristics of a filament. 
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as the abscissa, the result is a straight line with a slope of *-0.4346 and an 
intercept on the axis of the ordinates equal to log A. Such a graph is 
shown in Fig. 2-4, where the constants for three very common types of 
emitters have been determined. 



Fig. 2-4. Determination of constants in Richardson’s equation. 


Another method of depicting the emitting properties of thermionic 
cathodes is based on the Stefan-Boltzmann law of radiated power, 
which is 

P = Ke t T 4 (2-11) 

where P ~ power per unit area radiated by the body 
T = temperature, °K 

e t = radiation emissivity, which depends upon the material and to 
some extent on the operating temperature 
K — Stefan-Boltzmann constant, (5.673 + 0.004) X 10 -8 watt per 
m 2 per °K 4 

If Richardson's equation and the Stefan-Boltzmann law of radiated 
power are combined, we can obtain an expression for the logarithm of 
current density in terms of the power radiated. This was done by 
Davisson, who devised a cross-section paper* in which he used a curvi- 
linear axis in such a way that, when J 8 is plotted as a function of P, the 
result is a straight line for any given emitter. Figure 2-5 shows such 
a plot for the same emitters used in Fig. 2-4. 

* Manufactured and sold by the Keuffel and Esser Company, 
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Fig. 2-5. Emission-current density as a function of the heating power for three types 
of emitters. The curves are plotted on “power-emission” paper. 


This type of plot has the advantage that measurements of emission 
at a few low values of power may be made when the emission current 
from the cathode and the heating of the anode are small. The curves 
may then be extrapolated to give the emission at higher values of power 
where such prolonged operation might be injurious to the tube. 

In telling how well an automobile performs we usually express the 
efficiency, not in per cent, but in miles per gallon of gasoline, Likewise in 
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electronics we express the emission efficiency in terms of emission current 
per watt input to the filament. Thus to get emission efficiency from the 
power-emission chart, we have merely to divide the ordinate by the 
abscissa at any point. 

2-11. Thermionic Emission from Tungsten. 2 Tungsten is about the 
only pure metal used as an emitter. Its melting point is given as 3643°K, 
and the emission current can be calculated for any temperature by means 
of Richardson’s equation, where A is equal to 60.2 amp per cm 2 per °K 2 
and b is equal to 52,400°K. The curves in Figs. 2-4 and 2-5 give the 
emission characteristics in different ways. In practice, when tungsten 
is used as a cathode, it takes the form of a wire bent in the shape of a 
hairpin or a spiral, and it is heated by passing a current through it. The 
practical life of a tungsten filament has been found to end when the cross- 
sectional area has decreased by 10 per cent, because burnouts occur soon 
thereafter. The higher the temperature of the filament, the greater the 
emission efficiency and the shorter the life. A study which includes 
economic considerations indicates that the temperature of the filament 
should be such that the cross-sectional area decreases 10 per cent in 1000 
to 2000 hr. 

Operating temperatures for tungsten filaments range from 2400 to 
2600°K, with a corresponding range of emission efficiencies of 2 to 10 ma 
per watt. Compared with other commercial emitters tungsten has a very 
low emission efficiency. But it does have the advantage of being elec- 
trically rugged and will withstand positive-ion bombardment when 
extremely high voltages are applied to the tube. Mechanically it is 
fragile because it is very brittle. It is used chiefly in tubes where the 
plate voltages are to be above about 2500 volts, finding its greatest use in 
high-voltage rectifiers, power tubes, and X-ray tubes. 

2-12. Thoriated -tungsten Filaments. 3 If during the manufacturing 
process about 1 per cent thorium oxide is added to the tungsten wire, then 
by proper heat-treatment we can form a thoriated-tungsten filament. 
This type of filament seems to be simply a tungsten wire on the surface of 
which has been formed a monatomic layer of pure thorium. However, 
the melting point of thorium is 2118°K, while that of tungsten is 3643°K. 
Since the layer of thorium must be maintained, this type of filament can 
be operated at only 1900°K compared with 2500°K for pure tungsten. 
Even so, because of its lower work function, the emission efficiency is very 
much higher than that for tungsten. 

To form an activated thoriated-tungsten filament, the wire containing 
thorium oxide is formed or bent into the desired shape and mounted in 
the tube. Then during the evacuation process the filament is first heated 
to 2800°K for about 1 min. This reduces part of the thorium oxide to 
metallic thorium and oxygen, the latter being removed by means of the 



40 


ENGINEERING ELECTRONICS 


pumps exhausting the tube. The thorium thus formed is distributed 
through the entire cross section of the tungsten. Next the filament is 
operated at about 2100°K for approximately 15 min. At this tempera- 
ture the thorium will diffuse from the interior of the filament toward the 
surface, where some of it will be evaporated and deposited on other 
elements or the walls of the tube. This evaporation is not desirable but 
is necessary in order to drive the thorium out to the surface. The evap- 
oration occurs at a lower rate than the diffusion of the thorium to the sur- 
face, and as a result the filament gradually attains a thin and perhaps 
monatomic layer of thorium. The filament temperature is then reduced 
to about 1900°K, which is the operating temperature. It has been found 
that a layer of tungsten carbide on the surface of the filament lowers the 
rate of evaporation of thorium and makes possible operation at higher 
temperature with resultant increase in emission efficiency. Because of 
many variables the emission efficiency may range all the way from 50 to 
100 ma per watt. 

This type of emitter, like tungsten, is brittle. But unlike tungsten it 
cannot withstand much positive-ion bombardment. No matter how well 
a tube is exhausted, there is always some gas remaining. Hence there 
are some positive ions (molecules which have lost one or more electrons) 
present. These ions, being positive in polarity, are attracted to the fil- 
ament. If the potential difference between plate or anode and filament 
is high enough, the positive ions will arrive at the filament with enough 
velocity to bombard and physically knock the thorium off the surface of 
the wire. Thoriated-tungsten filaments are used only in tubes where the 
plate voltage never exceeds 3000 to 4000 volts. Since they have emission 
efficiencies of 50 to 100 ma per watt, which is about 10 times that of pure 
tungsten, they are preferred in low-voltage transmitting tubes. 

The life of the thoriated-tungsten filament depends on the amount of 
free thorium present in the filament. At the operating temperature there 
is a gradual evaporation of thorium from the surface and also a gradual 
diffusion of thorium from the interior to the surface. When all the free 
thorium has been driven out of the tungsten and evaporated off the sur- 
face, it will then act as a pure -tungsten-filament with its characteristic low 
emission efficiency, which at the operating temperature of a thoriated 
filament is extremely low. 

2-13. Oxide-coated Emitters. 4 The Wehnelt, or oxide-coated, cathode 
was discovered in 1904 when Wehnelt found that if a platinum ribbon was 
coated with the oxides of certain rare earths a very efficient emitter was 
the result. However, no commercial use was made of this emitter until 
battery tubes came into common use in the early twenties. 

The present-day oxide-coated cathode consists of a layer of rare-earth 
oxides coated on a core metal which may be nickel, konel, or a platinum 
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alloy. The oxides are usually rather unstable in air; so the coatings are 
sprayed on in the form of finely ground barium and strontium carbonates 
in a thin collodion lacquer. After drying, the cathodes are mounted in 
the tube, which is then put on the vacuum system and evacuated. Dur- 
ing the pumping process the cathode is usually heated to about 1500°K 
for a short time. At this high temperature the carbonates break down 
into the oxides plus carbon dioxide, which is removed by the pumps. 
Because of the very low work function these cathodes can be operated at 
about 1000°K, at which temperature they have very high emission effi- 
ciencies and long lives. The emission efficiency is on the order of 100 to 
1000 ma per watt of heating power. 

The greatest advantage of the oxide-coated cathode over other emitters 
is that it can be either a filament type or an indirectly heated cathode. 
In the filamentary type of cathode a ribbon or wire of the core metal is 
coated with the emitting material. Then a current is passed through it, 
which heats the oxide coating up to emitting temperature. 

In the indirectly heated cathode the emitting material is usually 
sprayed onto a cylinder made of the core metal, usually nickel. Into this 
cylinder is inserted a heater, which may be made of tungsten wire coated 
with a porcelainlike cement insulating the heater from the cathode sleeve. 
We thus have an indirectly heated cathode in which the emitting surface 
is equipotential and which also isolates the emitter from the cyclic poten- 
tial variations if alternating heating current is used. Figure 2-6 shows 
photographs of several types of directly and indirectly heated cathodes 
used in high-vacuum receiving tubes. 

Principal disadvantages of the oxide-coated cathodes include the fact 
that the tubes cannot be evacuated to such a high degree as can tubes 
using other types of emitters. This is probably due to the incomplete 
breakdown of the carbonates into oxides. Therefore during use there is 
a further gradual breakdown of these materials. Also the oxide-coated 
cathodes are susceptible to positive-ion bombardment and hence are not 
ordinarily used in tubes in which the plate voltage exceeds 500 to 1000 
volts. These two facts limit the uses of the oxide-coated cathodes chiefly 
to radio receiving tubes and, as we shall find later, gas-filled tubes. 
However, this is not a hard and fast rule. Cathode-ray tubes have oxide- 
coated indirectly heated cathodes, and here the anode voltage is of the 
order of 1500 to 2000 volts and in some cases may be as high as 27,000 
volts. Oxide-coated cathodes may also be used in larger sizes of audio- 
frequency (a-f) power-amplifier tubes, but here the plate voltage does not 
usually exceed 1000 volts. 

2-14. Schottky Effect. According to the discussion thus far, the total 
emission current from any emitter is given by Richardson’s equation 

J s - AT 2 e~ b/T (2-6) 
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Fig. 2-6. Indirectly and directly heated cathodes used in high-vacuum receiving 
tubes. 
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which indicates that the emission current from any filament is independ- 
ent of the anode voltage. In other words, no matter what voltage is 
applied to the anode, the total emission current should be constant at any 
given temperature. However, if tests are made on actual filaments, for 



Fig. 2-7. A typical volt-ampere characteristic for a diode, showing the Schottky effect. 


instance pure tungsten, a curve such as shown in Fig. 2-7 will be the 
result. The current for voltages between 0 and A is limited by space 
charge, which will be discussed in the next chapter. In the region beyond 
A the current should be a constant, given by Richardson’s equation. 
Instead, we have a current which 
gradually increases with plate volt- 
age. This phenomenon is known 
as the Schottky effect and is caused 
by additional energy which is sup- 
plied to the electrons from some 
source other than that used to heat 
the emitter. The potential differ- 
ence between plate and cathode 
sets up an electric field which exerts 
a force on the cathode surface. 

This force is in such a direction as 
to help free electrons that other- 
wise would never escape from the 
boundary forces. Figure 2-8 shows 
the various forces acting on an elec- 
tron as a function of the distance 
from the surface. The net force at 
point B is zero. To the left of point 
B it is in such a direction as to oppose the escape of an electron, and to the 
right it aids in the removal. Thus in order to be free an electron needs to 
have only enough energy to carry it beyond point B instead of to infinity. 
Since this force depends upon the magnitude of the plate voltage E by the 



Fig. 2-8. Forces on an electron near an 
emitting surface which is in an electric 
field. 
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position of point B also depends upon E b . As the value of E h increases, 
point B approaches the surface; hence lower-energy electrons can escape, 
and J s increases. 

2-15. High-field Emission. If the potential difference between two 
electrodes in a high-vacuum tube is made increasingly larger, a point will 
finally be reached where electrons are emitted from the negative electrode 
even though it may be at 0°K. The field intensity required is of the 
order of magnitude of 10 10 volts per m. This effect is known as high-field 
emission, and it differs from thermionic emission only in the way in which 
electrons are given the energy to escape the boundary forces. In therm- 
ionic emission they are given this energy by heating, while in high-field 
emission they are given the energy by the attractive force due to the 
external field. 

High-field emission is found to be independent of the temperature of 
the emitter and follows the law 


J 8 = a& 2 e~ B/s (2-12) 

where J 8 = current density 
a — a constant 

8 = field intensity at the surface of the negative electrode 
B = a constant determined mainly by the work function of the 
material 

Note that the current is independent of the temperature and depends only 
on the constants of the material and on the field intensity. 

The field between a point and a plate or between a cylinder and a fine 
concentric wire may reach extremely high values with the application of 
a high voltage, particularly if the spacing is small. Thus in the design of 
high-voltage tubes, the shapes of the electrodes as well as the spacing 
must be considered in order to keep the potential gradient below a value 
at which field emission may result. 

This type of emission is sometimes employed in certain kinds of cold- 
cathode devices and possibly may be the source of electrons in mercury 
arcs. Currents due to high-field emission may reach values of the order 
of thousands of amperes per square centimeter. These high currents 
undoubtedly would damage a tube unless it were designed to pass them. 

2-16. Secondary Emission. It has been shown earlier in this chapter 
that when an electron acquires a certain amount of energy with velocity 
normal to and outward from the surface of the material, it will be emitted. 
Energy can be given to the electron by heating the material — this is 
thermionic emission. Energy given to the electron by an external field 
exerting a force on it may lead to high-field emission. Or energy may be 
given to the electron by the impact of another body, and this may cause 

secondary emission. 
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In traversing the interelectrode space in a vacuum tube, electrons may 
acquire a considerable amount of kinetic energy. Eventually they must 
strike an electrode or the walls of the tube and give up their energies. 
This may cause heating of the bombarded material; or if the impacts are 
with other electrons within the surface of the material, secondary emission 
may occur. Now, if there is an electrode within the tube which is at a 
higher potential than the bombarded material, the secondary electrons 
will be attracted to it and a current will flow. 

Figure 2-9 shows a tube where the secondary-emission current can be 
measured. The electron gun, which is the source of the bombarding, or 
primary, electrons, gives them a velocity in such a direction that they 
strike the anode A 2 . Upon impact, a primary electron may give up its 
energy to one or more electrons within the surface of A 2f causing them to 
be emitted. They are then attracted to a collector anode A 3, which is 30 to 



Fig. 2-9. Tube for measuring secondary-emission effects. 


50 volts positive with respect to A 2 . The meters shown in the circuit indi- 
cate the magnitudes and directions of the various currents which flow. 
The primary current can be obtained from a reading of the milliammeter in 
the cathode circuit. The secondary current can be read from the meter in 
the collector-anode ( A 3) circuit. The current flowing in the second-anode 
circuit is the difference between the primary and the secondary currents. 
Since it is customary to signify as positive a current which flows from the 
external circuit to the electrode and thence across the vacuum, the pri- 
mary current in the second-anode circuit is positive and the secondary 
current is negative. Thus the second-anode current may be positive, 
negative, or zero depending upon the relative number of primary and 
secondary electrons. If the number of primaries exceeds the number of 
secondaries, the current is positive, while if the secondaries exceed the 
primaries, it is negative. Note that the secondary-emission current is 
positive in the collector-anode (A 3 ) circuit. 

If several such tubes are constructed which are identical in all respects 
except that each uses a different material for the surface of A 2 , it is found 
that the ratio of secondary to primary current increases with decreasing 
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work function of the material. It is also found that the ratio is dependent 
upon the potential of In fact this ratio may reach a value as high as 
10 upon using very low work-function materials and the proper voltages. 

Figure 2-10 shows how the secondary-emission ratio varies with the 
value of the voltage applied to A 2 , which is also known as the accelerating 
voltage. From these curves we see that, when the accelerating voltage 
is low, the current to the second anode is positive since the ratio J 2 /J 1 is 
less than unity. As the voltage is increased the secondary-to-primary 
ratio increases and may reach a value greater than unity. This means 
that there are more secondaries than primaries, and hence the current to 



4 8 12 16 20 x 100 

Accelerating voltage 

Fig. 2-10. Secondary-emission characteristics for three common materials used in 
vacuum tubes. [From J. H . O. Harries , Secondary Electron Radiation , Electronics, 
17, 100-108, 180 {September, 1944), by permission .] 

the second anode reverses and becomes negative. At low accelerating 
voltages the bombarding electrons have very little energy and hence can 
knock out only a few of the higher-energy electrons in the surface. As 
the accelerating voltage is increased, the bombarding electrons arrive at 
the surface with more energy and hence remove more electrons. Finally 
a point is reached where the bombarding electrons arrive with such high 
velocity that they simply bury themselves deep in the material of the 
anode. Hence the secondary-emission ratio begins to fall off. 

Secondary emission can occur, not only from conducting materials, but 
from insulators as well. It can take place if a stream of electrons strikes 
the wall of a glass tube with high enough velocity. It may even cause 
physical damage to the tube due to the heating of the bombarded surface. 
If the electrons arrive at the glass with sufficient energy to cause a 
secondary-to-primary ratio greater than unity, the wall is left with a net 
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positive charge. The secondary electrons are attracted to the anode 
since it is the point of highest potential. The positive charge on the glass 
accelerates the primary electrons, which means that they arrive at the 
glass with still higher velocity. This in turn means that the secondary- 
to-primary ratio becomes larger, and hence more secondaries are emitted 
and the glass becomes even more positive. The effect is accumulative 
and may build up until the glass becomes so hot that it melts, allowing air 
to rush in and destroy the vacuum. In commercial tubes the electrodes 
are usually designed so that they shield the glass from the electron stream 
and thus prevent this type of damage. 

2-17. Photoelectric Emission. The fourth process for obtaining free 
electrons from a solid body is known as photoelectric emission. As the 
name implies, light is used to give electrons enough added energy to free 
themselves from the boundary forces. 

The law of conservation of energy states that energy cannot be de- 
stroyed. Therefore when light, which is a form of energy, falls on the 
surface of a solid, it is either absorbed by the surface or reflected by it. A 
portion of the energy absorbed will be supplied to some of the electrons 
which are free within the body but unable to escape without external 
assistance. If the work function of the surface is low enough, the elec- 
trons now have sufficient energy to free themselves from these boundary 
forces and photoelectric emission occurs. If an external electric field ie 
present, a current flows which is proportional to the amount of light fall- 
ing on the surface. 

A more complete discussion of photoelectric emission will be found in a 
later chapter. 
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PROBLEMS AND QUESTIONS 

1. Of the processes which can produce free electrons in the space of an electronic 
tube, which supply these electrons directly from the emitter? 

2 . Are the higher-energy electrons in an atom close to or far away from the nucleus? 

3. Explain why there are free electrons in a metal. 
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4 . A pure-tungsten wire 5 cm long and 0.0127 cm in diameter is operated at 
2500°K temperature. A is 60.2 amp per cm 2 per °K 2 , and b is 52,400°K. Find the 
total saturation current for the wire. 

6. (a) An electron moves from a point of zero potential to one having a potential 
of +100 volts. How much kinetic energy, expressed in electron-volts, does it gain? 
(. b ) A double-charged positive ion replaces the electron in part a. How many elec- 
tron-volts of potential energy are now gained? 

6. With Eqs. (2-6) and (2-11) known, find an expression for saturation-current 
density for a tube in terms of filament power per unit area and filament and other con- 
stants [the constants in Eqs. (2-6) and (2-11) are assumed known]. 

7 . Can a large-diameter filament be operated at a higher temperature than one 
with a smaller diameter and yet have the same length of life? Explain. 

8 . State the approximate emission efficiencies and the chief applications of each 
of the three types of emitters. 

9 . Explain the difference between the Schottky effect and high-field emission. 

10 . In a diode what happens to the secondary electrons driven off the plate? 



CHAPTER 3 


THE HIGH-YACUUM DIODE 


3-1. Space Charge. Chapter 1 dealt with the effects of uniform elec- 
tric fields on the motion of single electrons. This method is applicable 
to situations in which there are relatively few electrons present, such as 
in a cathode-ray tube. But in the great majority of electronic tubes we 
seldom have electrons in such small numbers that we can ignore the effects 
of neighboring electrons. For instance, if a tube is passing a current of 
1 ma, there are approximately 6.25 X 10 15 electrons traveling from the 
cathode to the anode each second. This means that at any instant 
there must be billions of electrons present in the interelectrode space, 
each carrying a charge of 1.60 X 10~ 19 coulomb and each exerting a force 
on neighboring electrons. Thus we see that the field through which an 
electron must pass in its flight from cathode to anode is due not only to 
the potential difference between the electrodes but also to the charges car- 
ried by all the electrons in the interelectrode space. The field can no 
longer be considered uniform, and hence the forces on and the accelera- 
tion of an electron depend upon its position in the field. 

The only reason why it is possible for the plate voltage to control the 
magnitude of the current flowing through a tube is this effect of the space 
charge. Without space charge the saturation current of the filament 
would always flow. This current depends only on the material and the 
temperature of the emitter and not upon the plate voltage of the tube. 
Thus the only way in which we could control the current would be by 
changing the temperature of the cathode. 

3-2. The Diode. The thermionic diode is the simplest electronic tube 
which can be constructed, and its action is the easiest to understand. It 
consists of either a filamentary or an indirectly heated cathode, and an 
anode or plate, which usually surrounds the cathode. Figure 3-1 shows 
two radio-receiver-type diodes. On the right is a type 80 tube which 
is really two diodes in a single envelope. The two filaments are con- 
nected in series, and the two plate leads, or connections, are brought out 
separately. In this figure one of the plates has been removed and is 
lying beside the tube, in order to show the filament. On the left is a 
type 5V4, which is also a double diode. Here again the plate has been 
removed in order to show the indirectly heated cathode. 
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Fig. 3-1. Radio-receiver-type diodes. 


not serious at the low applied voltages. Large rectifiers, such as are used 
in transmitters, may use thoriated-tungsten or pure-tungsten filaments, 
the choice depending on the voltages applied to the plates. 

3-3. Experimental Determination of the Current in a Diode. If a 

— diode with a pure-tungsten fila- 

_ ment is connected as shown in Fig. 

f 3-2 and data are taken for curves 

( \ (f \ P^ ate curren f vs. plate voltage, 

l yv J \A/ for various filament temperatures, 

curves such as those shown in Fig. 
< 3-3 will be the result. Here it can 

> be seen that at low voltages the 

E/f I T plate current is independent of the 

* — ^-r-A/VWVW-j temperature of the filament but is 

Ebb dependent on the plate voltage. 

N l l l M l l l l l r At higher voltages the plate current 

Fig. 3-2. Circuit for determining the becomes independent of the plate 
characteristics of a diode. voltage but does become dependent 

on the temperature of the emitter. Each curve may be divided 
into three regions. From A to B current flows even though the plate 


All of the smaller diodes, such as those used in radios, have oxide-coated 
cathodes. This is simply because of the desirable high emission efficiency 
of the oxide-coated cathode and because the positive-ion bombardment is 
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is at a negative or zero potential. This is because some of the elec- 
trons are emitted with enough energy to carry them over to the plate 
even though the field is in such a direction as to oppose this motion. 
From B to C the plate current increases with plate voltage but is less than 
the total emission current for the filament as calculated from Richardson’s 
equation. The region from A to C is known as the space-charge-limited 
region and is the portion which we shall study in this chapter. From C 
to D all the electrons emitted are pulled over to the plate as fast as they 
are emitted. This means that there is very little space charge present 
between the electrodes, and hence the current can be approximated from 
Richardson’s equation. 

Actually, when the voltage is increased above the values at C required 
for saturation, the current increases very slowly. This is the Schottky 



Fig. 3-3. Characteristics for a high-vacuum diode. 

effect and is due to the external field helping lower-energy electrons to free 
themselves from the forces tending to hold them in the cathode. Pure 
tungsten shows this Schottky effect very nicely, but thoriated-tungsten 
and oxide-coated cathodes show too much increase in plate current, with 
increasing plate voltage, after saturation supposedly has been reached. 
In fact these two materials show very little tendency to saturate. 

3-4. Potential Distribution in a Diode with Parallel Plane Electrodes. 
For the sake of simplicity all of our derivation and most of our discussion 
in this section will be on a diode with parallel, plane, infinitely large elec- 
trodes. This eliminates the effects of fringing at the edges of the elec- 
trodes and also allows us to work with an electric field which is relatively 
simple to describe mathematically. 

If a tube were built with large parallel plane electrodes and with the 
negative electrode arranged so that it could be heated to such a tempera- 
ture that it would emit large numbers of electrons, some very interesting 
data could be obtained. Suppose we pretend that such a tube has been 
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constructed and theorize on its properties. A schematic diagram for the 
tube and circuit is shown in Fig. 3-4, where the means of heating the 
cathode has been omitted. Now if the plate potential is held constant 
at some value, say 100 volts, and the temperature of the cathode is 
* increased, a point finally is reached where we have a measurable plate 
current flowing. If, with this small current flowing, we vary the value 
of we find that it has very little effect on the plate current as long as 
the voltage is greater than a certain value. This simply means that there 
are so few electrons in the interelectrode space near the cathode that the 
plate current is determined solely by the emission of the cathode. If 



Fig. 3-4. Diode with parallel plane Fig. 3-5. Potential-distribution curves for 
electrodes. a high-vacuum diode with parallel plane 

electrodes. 


under these conditions the potentials of all points on a line normal to and 
between the two electrodes are plotted as a function of the distance of the 
point from the cathode, an approximately straight line, such as shown by 
curve a in Fig. 3-5, is the result. This shows that the potential gradient 
or slope is constant at all points and hence there is a uniform field. 

If the temperature of the cathode is now increased to a value T 2 , we 
may notice that the plate current increases but also that the plate voltage 
has some effect on the magnitude of the plate current. If once more the 
potentials of all points on the line normal to the electrodes are plotted on 
the same set of axes as before, curve b of Fig. 3-5 is the result. Here we 
see that the potential for any given point, except for the end points, is less 
than it was when the temperature of the cathode was lower. The reason 

for this is that at the lower temperature T\ there are so few electrons in 
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the interelectrode space that they have very little effect on the field con- 
figuration. Now at the higher temperature there are many more elec- 
trons in the space, and since the plates set up a field such as to attract the 
electrons toward the plate, while all the electrons carry a charge of such 
polarity as to repel other electrons as they are emitted, the net result is a 
lower potential at all intermediate points. At this time it might be well 
to recall that the force on an electron is equal to the charge on the electron 
multiplied by the negative of the potential gradient. If we once more 
examine curve b of Fig. 3-5, we see that the potential gradient near the 
cathode is less than for the condition of no space charge (curve a). How- 
ever, close to the anode the gradient of curve b is greater than the gradient 
of curve a, which means that the force on an electron is greater than with 
no space charge present. This seems logical because there are more elec- 
trons between a given electron (close to the plate) and the cathode than 
there are between the electron and the plate. Therefore the net force of 
repulsion near the plate is in such a direction as to assist the field set up 
by the electrodes. 

If the temperature of the cathode is raised to a value T 3 , we find that 
the potential distribution is similar to that shown in curve c of Fig. 3-5. 
Here we note that the potential gradient is zero at the surface of the 
cathode. This means that the force of attraction to the plate on an 
electron at the cathode surface is just canceled by the forces of repulsion 
of the electrons in the interelectrode space. Therefore, an electron 
emitted with zero velocity arrives at the surface of the emitter with zero 
force exerted on it and probably returns to the cathode. When an 
electron in the interelectrode space arrives at the plate, the potential 
distribution shifts to a position somewhat like that of curve b . The 
resulting gradient near the cathode surface now allows another electron to 
escape to the interelectrode space. This now shifts the distribution 
temporarily back to curve c. We then have what is known as space- 
charge-limited conditions. 

If the potential distribution in an actual diode could be plotted, it 
probably would be found to be more like curve d of Fig. 3-5. Here the 
potential actually becomes negative and goes through a minimum a short 
distance from the cathode. This is because of the initial velocity with 
which electrons are emitted. Referring to curve c, suppose an electron 
is emitted with a finite velocity from the surface of the cathode. Initially 
there would be no force on it, since the gradient is zero; but it would pass 
out into interelectrode space, where the force on it would be in a direction 
to pull it toward the plate. Another electron emitted just behind the 
first, however, would find a small force of repulsion trying to make it 
return to the cathode. This is because that extra electron in the inter- 
electrode space makes the space charge large enough so that it more than 
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cancels the field due to the electrodes. Therefore, the field at the surface 
of the cathode is slightly negative, and the potential minimum moves 
a short distance out. Since millions of electrons are actually emitted 
simultaneously, this effect is vastly magnified and the minimum-potential 
point takes a position as shown in curve d. Unless emitted electrons have 
enough velocity to carry them out past this minimum, they will be 
returned to the cathode. Thus only the higher- velocity electrons can get 
across the space. The current will be less than the saturation value 
since it is limited by space charge. As the potential of the plate is 
changed, the number of electrons in the interelectrode space will vary. 
Curve e shows the possible potential distribution if E b is increased. The 
point of zero gradient moves to the left, and the negative gradient near 
the cathode is decreased. Hence more electrons escape into the inter- 
electrode space. Thus different values of space-charge-limited currents 
result. It is this effect which we shall now study and for which we shall 
derive mathematical relationships. But first it might be well to review 
some of the fundamentals of electric fields. 

3-5. Gauss’ Theorem. 1 In the mks system we write Coulomb’s law 
for two point charges in a vacuum as 


f = glg2 
J 4t re 0 r 2 


(3-1) 


where / is the force (in newtons) between the two charges qi and q 2 
(in coulombs), r is the distance between them (in meters), and c 0 is the 
permittivity of free space. 

The region in the neighborhood of a electric charge is said to contain an 
electric field, and in order to measure the intensity of that field at a point, 
we measure the force per unit charge on a small positive test charge 
placed at the point. Hence from Eq. (3-1), the field intensity at a point 
a distance r from a charge q is given by 


£ = 


g 

4xeor 2 


(3-2) 


When more than one charged body is present, the intensity can be 
found by determining the vector sum of the intensities due to each indi- 
vidual charge ; thus 

- % & <m) 

n 

Plotting an electric field was discussed in Art. 1-6. If we let one line 
of flux per unit area represent one unit of field intensity, a flux pattern will 
indicate the strength as well as the direction of the field at any point. 



THE HIGH-VACUUM DIODE 


55 


Referring to Eq. (3-2), we see that the field intensity varies as the 
reciprocal of the square of the distance from a charge q. If now we 
enclose this charge by any surface, all the flux emanating from the charge 
passes through the surface. Therefore, if we circumscribe a sphere of 
radius r about the charge, the total flux emanating from the charge can be 
calculated by multiplying the field intensity, which is numerically equal 
to the flux density, by the area of the sphere. Thus from Eq. (3-2) we get 

Total flux = £47rr 2 = — (3-4) 

€0 

This is a mathematical expression of Gauss’ theorem, which states that 
the total flux emanating from an electric charge in a medium is equal to 
the magnitude of that charge divided by the permittivity of the medium. 

3-6. The Space -charge Equation. 2 A mathematical expression which 
gives the relationship between space-charge-limited current and the plate 
voltage of a diode was derived independently by Child in 1911 and by 
Langmuir in 1913. This relationship is now known as the Child-Lang- 
muir equation or the three-halves-power law. 

In order to derive this relationship for the simplest possible electrode 
configuration, the following assumptions are made: 

1. The electrodes are infinite, parallel, plane, equipotential surfaces. 

2. The zero-potential electrode, or cathode, is heated to a high enough 
temperature so that the supply of emitted electrons is greater than the 
demand. 

3. The electrons start from rest at the surface of the cathode. 

4. The anode is maintained at a constant positive potential E b . 

5. Only electrons are present in the space between electrodes. 

If the two electrodes' are placed so that the x axis of the coordinate 
system is normal to the two surfaces as shown in Fig. 3-6, the field can 
be represented by a vector whose direction is from right to left as shown. 
If no charge is present in the interelectrode space, the field is uniform. 
However, if there is a cloud of electrons between the plates, the field will 
be due not only to the potential difference between the electrodes but also 
to the charges on all the electrons. The field is no longer uniform but is 
still from right to left. The y and z components of the field equal zero 
since the electrodes are assumed to be infinite in extent. Assume a small 
element of volume Ax , Ay, Az. The field-intensity vector varies in mag- 
nitude at different points between the electrodes. 

According to the definition of flux density, the total flux entering the 
small volume through the right face equals the field intensity multiplied 
by the area of the face. Hence 

Flux entering = 8 A y Az 


(3-5) 
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The flux leaving the left face is given by 


Flux leaving = 



Ay A z 


(3-6) 


where d&/dx is the rate of change of field intensity with distance. The 
difference in flux entering and leaving the small volume is found by sub- 
tracting Eq. (3-5) from Eq. (3-6). 

rfP 

Difference in flux — -z- Ax Ay Az (3-7) 


This difference must be due to flux emanating from the charge enclosed 
by the surface of the small element of volume. 



Fig. 3-6. Electrode configuration and the element of volume used in the development 
of Poisson’s equation. 

Since Gauss’ theorem states that the total flux emanating from an 
enclosed charge is equal to the magnitude of the total charge divided by 
the permittivity of the medium, we may write 


Flux from enclosed charge = — Ax Ay A z (3-8) 

Co 

where p Ax Ay A z is the total enclosed charge, p being the charge density. 

Now since the difference in flux given by Eq. (3-7) is due to the 
enclosed charge, we may equate the right members of Eqs. (3-7) and (3-8), 
obtaining the relation 

d£ __ p 

dx €q 


(3-9) 
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It was previously proven that the field int 
of the potential gradient, or 

8 dx 

and hence 

d& d 2 E 

dx dx 2 

Substituting this into Eq. (3-9) yields 

d 2 E _ p 

dx 2 to 

This is known as Poisson’s equation in one dimension. 

What we are trying to do is to find a relationship between anode voltage 
and the space current in the tube. Therefore, if we can find a relationship 
between charge density and current, Eq. (3-12) should lead to the desired 
result. 

If the velocity of the electrons is designated by v , the density J b of the 
current flowing between two electrodes can be written as 


ensity is equal to the negative 


(3-10) 


(3-11) 


(3-12) 


Jb = — pv 


(3-13) 


The negative sign is used because the direction of positive current flow 
is taken from anode to cathode and p is negative, while v is positive since 
it is from left to right in the direction of the positive x axis. 

If we solve Eq. (3-13) for p and substitute the result in Eq. (3-12), we 
have 


d 2 E _ J h 

dx 2 €qV 


(3-14) 


Now, since the velocity of an electron in the electric field is given by 



we may substitute into Eq. (3-14) and obtain the relation 

d 2 E _ J b f —m e 

dx 2 60 V 2 Qe 


(3-15) 


(3-16) 


A first integration is achieved by multiplying both members of Eq. (3-16) 
by 2 (dE/dx) dx and then integrating. 



dE d 2 E , 
tedx* dx 



(3-17) 
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The current density J b appears outside the integral because it is constant 
for all values of x. If it were variable, the rate of flow of charge would 
be different at different points in the tube ; this would mean a building up 

of charge. Now if we note that ^ ) = 2 ^ and ^ dx = dE y 

ax \dx / dx dx 2 dx 

then we can write Eq. (3-17) in the form 


f d ( dE \ 2 , _ 0 Jb 

J dx \dx ) X € 0 


or 


— m e 

2Q e 

J E ** dE 

(3-18) 

— m e 
2Q e 

E» + Ci 

(3-19) 


The boundary conditions are such that when x is zero the potential E 
is likewise zero, and since for space-charge-limited current the electrons 
at the surface of the cathode must have zero force exerted on them, the 
potential gradient at the surface is likewise zero. Thus C i is found to 
be zero. Hence 


dE 

dx 


— 9 I'll ( me \ 

\eo\2 Q.) 


E* 


(3-20) 


eo V 2Q< 

In Eq. (3-20) the variables may be separated and the result integrated, 


whence 


(3 - 2i) 

x + c ’ (3 ' 22) 


But since E is zero when x equals zero, C 2 is also zero. Solving Eq. (3-22) 
for J b yields 


J, = 


4e ( 


amp per unit area 


9 ^/~m e /2Q e x 
Substituting numerical values for the constants, 
2.33 X 10“ 6 ^ 


J h = 


amp per unit area 


(3-23) 


(3-24) 


Since this equation holds for all values of x } it holds for x equal to d, the 
distance between cathode and plate, where E is equal to Eb. Therefore, 

_2.33X10- 6 

Jb — ^2 


amp per unit area 


(3-25) 
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For a given area A of the plate we may write 

It - m^l AEt n imp (3-26) 

In this equation all quantities are constant except the plate voltage and 
the plate current. In other words the plate current is proportional to 
the three-halves power of the plate voltage, or 

h = kE b H (3-27) 

where k = [(2.33 X 10~ 6 )/d 2 ]A. This is the Child-Langmuir law for 
parallel plane electrodes. 

A similar relationship may be derived for the case where the anode and 
cathode are concentric cylinders. The result of such a derivation* is 

h = 14.68 X 10- 6 -^ amp (3-28) 

Ta P 

where I b is the plate current, E h is the plate potential in volts, r a is the 
radius of the anode, L is the length of the cathode or of the anode, which- 
ever is the shorter, /3 2 is a number depending on the ratio rjn , and r k is 
the radius of the cathode. Table 3-1 gives the values of /? 2 for various 
values of r a /r k . If r a is large compared with r k , it may be seen that /3 2 may 
often be taken equal to unity without introducing appreciable error. 


TABLE 3-1 

VALUES* OF /9* FOR VARIOUS VALUES OF r a /r k 


Ta/ric 

0 2 

r a /r k 


TaiTk 


1.0 

0.000 

3.0 

0.517 

7.0 

0.887 

1.5 

0.119 

4.0 

0.667 

8.0 

0.925 

2.0 

0.279 

5.0 

0.767 

9.0 

0.955 

2.5 

0.412 

6.0 

0.836 

10.0 

0.978 


* Data are from I. Langmuir, Currents Limited by Space Charge between Coaxial 
Cylinders, Phys. Rev., 22, 353 (1923), Table III, with permission. 

Equation (3-28) shows that in this case, also, the plate current is pro- 
portional to the three-halves power of the plate voltage. In fact it can 
be shown that no matter what the shape of the electrodes, the three- 
halves power holds, the only difference being the constant of proportional- 
ity, which is determined by the geometry of the electrodes. 

3-7. Experimental Proof of the Child-Langmuir Equation. In the 
above proof it was assumed that the cathode is an equipotential surface 

* I. Langmuir and K. T. Compton: Electrical Discharges in Gases, Part II, Funda- 
mental Phenomena in Electrical Discharges, Rev. Mod. Phys., 3 , 245-248 (1931). 
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and that the electrons have zero velocity at the surface of the cathode. 
In actual practice these conditions are seldom fulfilled. The cathode can- 
not be an equip otential surface unless it is the indirectly heated type, 
while most rectifiers are of the filamentary type. Neither are the elec- 
trons emitted with zero velocity. 

If the assumption is made that a diode follows a power law, but not 
necessarily with the three-halves exponent, we can write 

I b = kE b n (3-29) 

If this is written in logarithmic form, we have 

log h = log k + n log E b (3-30) 

This is the equation for a straight line if log I b is plotted as the ordinate 
and log E b as the abscissa in a rectangular-coordinate system. 

The constants k and n for an actual tube may be evaluated as follows: 
The circuit of Fig. 3-7 is used, and values of I b as a function of E b are 

Note that the negative end of the 
plate battery is connected to a 
center tap on the filament battery. 
This is done in order to counteract 
or minimize the effects of the po- 
tential gradient along the filament. 
The data thus taken are plotted, as 
shown in Fig. 3-8, and a straight 
line is obtained. If the locus is 
extrapolated to the point where 
log E b = 0, this value of I b is equal 
to k. The slope of the line equals 
the constant n, and its value will be 
in the neighborhood of 1.5. If, 
while taking the above-mentioned 
data, E h is set equal to zero, it 
will be noted that an appreciable current still flows in the plate circuit. 
This current is due to the initial velocity of the electrons, contact poten- 
tial, and the effects of the potential gradient along the filament. This, 
of course, introduces factors which we have not accounted for in our 
derivation. If an indirectly heated cathode is used, then these factors 
are reduced to two in number. 

3-8. Power Loss in the Diode. Each electron arriving at the plate in 
a diode has an energy which, neglecting the initial or emission velocity, 
is given by 


obtained while E ff is held constant. 



Fig. 3-7. Circuit used to evaluate the 
constants of the Child-Langmuir equa- 
tion. 


W = —Q e E b joules 


(3-31) 
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When this electron is stopped by impact with the plate, its kinetic energy 
is converted into heat. If n electrons arrive at the plate in a time t, then 
the power delivered to the plate is given by 



Plate voltage E b 

Fig. 3-8. Curve used to determine the coefficients in the Child-Langmuir equation. 

The term { — Q e n)/t is the rate of flow of charge and therefore is the cuj 
rent I b flowing; hence Eq. (3-32) may be written 

P = I b E b watts (3-33) 

Thus in any tube part of the power which the plate must be able to 
dissipate can be calculated by Eq. (3-33). In addition the anode absorbs 
some of the heat radiated from the filament. All this power must be 
removed largely by radiation; hence the anode or plate material should 
be a good radiator. In a receiving tube the plate is usually made of 
nickel, and in order to improve the heat-radiating ability it is sometimes 
coated with carbon black. This plate must be held to temperatures 
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below the point where it shows any color, otherwise it may release some 
occluded gas and thus spoil the vacuum. In low-power radiation- 
cooled transmitting tubes the plates may be made of tantalum, molyb- 
denum, or graphite. Tantalum has the distinct advantage of being able 
to absorb gases when heated to a red heat; in other words, it acts as a 
getter. Although it is a relatively poor radiator, it does have a very 
high melting point and can be operated safely at a red heat; thus it acts 
as a getter without evaporation of the plate material. Molybdenum 
can be operated at a high temperature and is a better radiator than 



Fig. 3-9. Large transmitting tubes. (Courtesy of RCA.) 


tantalum, but it does not absorb gas. Graphite is the best radiator and 
can likewise be operated at a high temperature, but it does have a 
tendency to have considerable amounts of occluded gas, which must 
be removed by high-temperature treatment while the tube is being 
exhausted. 

High-power transmitting tubes are cooled either by forced air or by 
circulating water. The plate is made of copper, which also serves as part 
of the envelope of the tube. These tubes have ratings of 5 to 1000 kw. 
If air-cooled, the copper anode has cooling fins through which air is 
blown. If water-cooled, the anode is immersed in a water jacket through 
which the cooling water is circulated. Figure 3-9 shows a photograph 
of an air-cooled tube and a water-cooled tube with the water jacket 
removed. 
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3-9. Diode Ratings. As just explained, a diode is limited in its plate- 
current and voltage ratings by the ability of the plate to dissipate heat. 
This energy radiated from the plate must pass through the glass bulb, 
where a certain portion is absorbed, thus heating the glass. So our 
envelope also limits the ratings and must have a large enough area to be 
able to reradiate this heat without the temperature reaching the point 
where gases are driven off. Because of this, tubes with ratings above 
1 kw are never enclosed in glass envelopes but are made with either 
forced-air or water cooling. 

When used to rectify high voltages, the maximum plate voltage may be 
limited by flashover across the surface of the glass. For this reason the 
plate and filament leads are brought out at opposite ends of the envelope. 
These tubes can be made to withstand thousands of volts, while a receiv- 
ing type of rectifier with all leads brought out the same end will withstand 
a maximum of only 500 to 1000 volts. 

When used in rectifier circuits, the polarity of the plate voltage reverses 
each cycle and the tube must be able to withstand an inverse peak volt- 
age (a voltage which makes the plate negative with respect to the fila- 
ment) of one to two times the crest value of the alternating voltage it is 
rectifying. Therefore tubes are usually given a peak-inverse-voltage 
rating. 

To summarize, the current and voltage ratings of diodes are deter- 
mined by the following: 

1. The plate current, limited by the emission ability of the filament 
with rated filament voltage applied. 

2. The heat-dissipating ability of the plate. 

3. The heat-dissipating properties of the envelope. 

4. The peak inverse voltage the tube will withstand. 

5. Flashover voltage between lead wires. 

3-10. Characteristic Curves for a Diode. If the values of plate cur- 
rent vs. plate voltage are plotted for a diode with rated filament voltage, 
a curve similar to Fig. 3-10 is the result. This is known as a static plate 
characteristic. The resistance of the diode for direct current varies from 
point to point on the curve. It is the reciprocal of the slope of the 
straight line drawn from the origin to the point and is given by 

R P = ~ (3-34) 

The slope of the static characteristic itself is given by 

Sl0pe = § = g > ( 3 - 35 > 

which has the dimensions of a conductance and is known as the plate 
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conductance. The reciprocal of g p is known as the dynamic plate 
resistance and is denoted by the symbol r p . 



(3-36) 


It should be noted that this factor also is different for different points 
on the curve. The dynamic plate resistance is useful for expressing 
approximate relationships between small voltage and current changes. 



Fig. 3-10. Plate characteristic of a type 6H6 diode. 

If a diode is connected in the series circuit of Fig. 3-11 with a load 
resistor Rl and an alternating-voltage source, d-c power can be obtained 
from the alternating source. The sinusoidal voltage v p does not appear 
across the tube. Rather it is this voltage minus the IR drop in the 
load which appears across the tube. 

To study the action in this circuit, it is desirable to draw another curve 
showing the relationship between the values of voltage applied to the 
circuit and the current through the circuit. This curve is known as a 
dynamic characteristic and is obtained by adding to the abscissa values 
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Fig. 3-11. A diode with a resistance load in an a-c circuit. 



Fig. 3-12. Dvnamic plate characteristics for a type 6H6 diode with various load 
resistors. 
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of the static curve an amount that is equal to the I b Rh drop in the load 
at each value of I b . A family of dynamic characteristics is drawn in 
Fig. 3-12 for various values of the load resistance Rl. The variable 
supply voltage is E b b . Note that the slope of any dynamic curve is less 
than that of the static one and this difference is more pronounced with 
increasing load resistance. Likewise the curve becomes straighter with 
increased load resistance. This is because we are adding a linear element 



Fig. 3-13. Graphical method of determining the plate current in a diode when an 
alternating voltage is applied. 

to the circuit containing a nonlinear one, and the larger R L is, the more 
it influences the shape of the characteristic. 

Assume that the dynamic characteristic of a tube connected as in 
Fig. 3-11 is given by the curve in Fig. 3-13. If an alternating voltage v p 
is applied, the resulting waveform of the current through the diode and 
the load R L can be found graphically from the dynamic characteristic. 
The alternating-voltage wave is plotted on the curve by using the same 
voltage scale but adding an axis for time, which is increasing in the 
negative-?/ direction. A time scale is also added to the horizontal axis. 
Thus the instantaneous values of plate current can be found for any 
value of <at. Note that the plate current does not consist of exact half 
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sinusoids since the dynamic characteristic is not a straight line. How- 
ever, if it is almost straight, the plate current can then be assumed to 
have the shape of a half sinusoid without appreciable error. Further 
study of this rectifying operation will be made in later chapters. 
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PROBLEMS AND QUESTIONS 

1. The anode of a diode with parallel plane electrodes has a potential of Eb volts 
above that of the cathode. Sketch the potential distribution for each of the following 
cases: (a) The plate current is zero. (5) There are few electrons in the interelectrode 
space, (c) The plate current is space-charge-limited, and electrons are emitted from 
the cathode with zero velocity. ( d ) The plate current is space-charge-limited, and 
the electrons are emitted from the cathode with appreciable velocity. In each of the 
foregoing cases does an electron just emitted from the cathode have a net force 
exerted on it if the potential distribution is as described? 

2. Two charges Qi and Q 2 are enclosed by a glass sphere of 1 m diameter. Qi is 
+3 X 10 -3 coulomb, and Q 2 is —2 X 10 -3 coulomb, (a) Calculate the total flux 
emanating from the sphere. (5) Calculate the average flux density at the surface of 
the sphere. 

3 . One mathematical step in the derivation of the Child-Langmuir law is the solu- 
tion of an equation of the form d 2 y/dx 2 — y~^. If both y and dy/dx are zero when x 
is zero, find x as a function of y. 

4 . A diode is operated at such a cathode temperature that the plate currents for 
the voltages considered in the problem are determined by the Child-Langmuir law. 
At a plate voltage of 50 volts the current is 20 ma. Find the plate current if the plate 
voltage is raised to 125 volts. 

5. The plate current of a certain diode is known to obey the relation I b = KE b n . 
It is found that when E b = 100 volts, I b = 10 ma. Also when E b — 10 volts, h = 0.3 
ma. Find the coefficient K and the exponent n. 

6. Suppose the space between the plates of Fig. 3-6 contains no charges of any 
kind. If the voltage Eb is 1000 volts and the separation is 0.1 m, find the following: 
(a) the potential gradient, (b) the field strength, (c) d 2 E/dx 2 . Does the value in (c) 
satisfy Poisson’s equation? 

7. (a) Use Eqs. (3-24) and (3-25) for the case of the parallel plane electrodes, and 

determine the equation for the potential at any point in the interelectrode space. ( b ) 
For d = 1 cm and Eb = 100 volts, plot the potential distribution curve, and compute 
Jb . (c) Repeat (6) if E b is made 150 volts. 

8. A free electron, just off the surface of the cathode in a thermionic diode, has 
zero velocity, (a) Calculate the energy, in joules, of the electron when it strikes the 
plate, which has a potential of +250 volts with respect to the cathode. (6) If the 



68 


ENGINEERING ELECTRONICS 


plate current is 250 ma, calculate the number of electrons striking the plate each 
second, (c) Calculate the power supplied to the plate by the bombarding electrons. 

9, State the merits and demerits of tantalum, of molybdenum, and of carbon as 
anode materials. 

10 . Name five factors which determine the current and voltage ratings of a diode. 

11 . Use Fig. 3-10 to determine the value of R p for a 6H6 type tube when Eb = 12 
volts and h = 15 ma. 

12. Calculate the dynamic plate resistance of a 6H6 tube at the operating point of 
Prob. 11. 

13 . State the meanings of the terms “static char acteris tic” and “dynamic charac- 
ter istic.” 

14 . A 200-ohm resistor is inserted in series with a plate lead of a 6H6 tube. If the 
cathode is normally heated and Ebb = 20 volts, determine /&. 

15 . Draw the dynamic characteristic for a 6H6 diode which has a 400-ohm resistor 
in the plate lead. 

16 . A certain diode has a pure-tungsten filament in a straight piece 5 cm long and 
0.0127 cm in diameter. The operating temperature is 2500°K. The anode is a 
cylinder 1 cm in diameter, 6 cm long, and concentric with the filament. What plate 
current flows if the anode is 100 volts positive relative to the filament? 



CHAPTER 4 


THE VACUUM TRIODE AND OTHER 
MULTIELEMENT TUBES 

4-1. De Forest’s Triode. The triode was first developed by Lee De 
Forest in 1906. His first tube, which was quite different from present- 
day tubes, consisted of two plane parallel plates between which was 
located an incandescent filament. By making one of the plane electrodes 
(which we shall call the plate, or anode) positive with respect to the 
filament, he had what amounted to a space-charge-limited diode. How- 
ever, when he made the other plane electrode (which we shall call a grid) 
negative with respect to the filament, the emitted electrons were repelled 
toward, as well as attracted to, the anode. By varying the magnitude 
of the potential on the grid he could increase or decrease the amount of 
repulsion and thus control the anode current. Since the grid had nega- 
tive polarity, no current flowed in its circuit and control of anode current 
was obtained with the expenditure of no power in the grid circuit. This 
control, however, was very limited, and in order to improve it, he soon 
tried the control electrode in the form of a ladderlike arrangement, or 
grid, between the filament and the plate. By changing the negative 
potential applied to this grid he found that he had much better control 
over the plate current, with the expenditure of little or no power in the 
grid circuit. This is the tube that has developed into our present-day 
triode. 

4-2. Triode Construction. Today’s triode usually consists of a fila- 
mentary or an indirectly heated cathode surrounded by a helical grid 
wound with fine nickel wire. This grid in turn is surrounded by a plate, 
which may be cylindrical in shape. In some cases the plate, instead of 
being circular in cross section, may be elliptical or rectangular. 

Figure 4-1 shows photographs of the parts going into the construction 
of two present-day triodes. Note that while both filamentary and 
indirectly heated cathodes are shown, most tubes now are the indirectly 
heated type. The envelope may be either glass or metal. Some types 
of tubes are made in both the glass and metal versions, while others are 
made only in glass or in metal. The electrical properties of a glass tube 
are approximately the same as those for a metal tube of the same type. 
There are some differences in the capacitances between electrodes and in 
the shielding from external fields. 
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Fig. 4-1. Photographs showing the construction of two types of triodes. 


4-3. The Function of the Grid. In the preceding chapter it was shown 
that the plate current in a diode is dependent on the potential distribu- 
tion, which in turn is determined by the amount and distribution of the 
space charge in the interelectrode space. If the initial velocity of the 
emitted electrons is assumed to be zero, the spacing between parallel 
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plane electrodes to be d , and the plate voltage to be E' bJ the potential 
distribution will be as shown by curve (1) in Fig. 4-2. The value of 
cathode current (equal to the plate current in this case) may be called I' k . 
If the plate voltage is increased to E", the potential distribution will be 
as shown by curve (2) and the cathode current will increase to a new 
value I k . 

Now suppose it to be possible to insert a third parallel plane electrode 
at a distance d' from the cathode. If its potential is made E' CJ the poten- 
tial distribution between it and the cathode is the same as in curve (1) 
and Eq. (3-24) shows that the cath- 
ode current will again be I' k . In 
order to increase the cathode current 
to I", the third-electrode voltage 
need be raised to only E” as shown. 

Note that less change is needed for 
third-electrode voltage than f or plat e 
voltage to obtain the same change 
in cathode current. 

If the third electrode is perforated, 
we call it a grid. N ow, many of the 
electrons will pass through the holes 
and eventually arrive at the plate. 

This follows because the potential 
gradient between the grid and 
the plate is everywhere positive. 

Although the potential distribu- 
tion now depends upon both grid and plate potentials, a change in value 
of cathode current is still more dependent upon changes in grid potential 
than upon changes in plate potential. 

To avoid grid current, it is usually advisable to operate the grid at a 
negative potential, in which case the plate current is the same as the 
cathode current. The potential distribution in a triode is shown in 
Fig. 4-3. Because of the distortion of the field caused by the irregular 
geometry of the grid, it is impossible to show the potential distribution 
by means of a single curve. Let us assume the grid structure to consist 
of parallel bars. Then the upper curve represents the distribution along 
a line midway between two grid wires, while the lower curve represents 
the distribution along a line through the center of a grid wire. These 
are the two extremes of potential distribution, and all others must lie 
between them. Note that the field close to the cathode is quite similar 
to the field close to the cathode in a diode. If the plate voltage of the 
triode is decreased, the potential-distribution curve will be lowered and 
the plate current will decrease. The dotted curves in Fig. 4-3a show this 



Fig. 4-2. Potential distribution in a 
diode for two values of plate voltage. 
Electrons have zero initial velocity. 



72 


ENGINEERING ELECTRONICS 


condition. The solid curves of Fig. 4-36 are for the same conditions as 
are the solid curves of Fig. 4-3a. The dotted curves of Fig. 4-36 show 
the effect of a more negative grid on the potential distribution. The grid 
potential has been so adjusted that the potential distribution in the 
vicinity of the cathode is the same as for the dotted curves of Fig. 4-3a. 
Hence approximately the same plate current will flow. Note that in 
Fig. 4-3a a change of A E b volts was necessary to cause a given plate- 
current change. In Fig. 4-36 a change of only A E c volts was needed to 
cause the same change in plate current. Hence the grid is more effective 
in controlling plate current, and at the same time, since it is negative 
with respect to all other electrodes, it draws no current. 



KG P 




distributions in a triode with a negative grid. 


In an actual tube the electrons are not emitted with zero velocity, and 
hence a potential minimum is established as it is in the diode. The 
potential distribution will then be more as shown in Fig. 4-3c. Only 
those electrons with sufficient energy to carry them out past the point of 
minimum potential will make up the plate current. Hence our theory 
would have to be slightly modified to account for this effect. 

Let us call the relative effectiveness of changes in the grid and plate 
potentials on the plate current the amplification factor and designate it 
by the symbol fi. If a change of A E c volts on the grid causes a certain 
change in the plate current, then a change A E b = fi A E c volts on the 
plate would be necessary to cause the same change in current. The 
plate current depends on both voltages and may be expressed by the 
functional relation 


h — 


(4-1) 
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Since for the purposes of this discussion the grid is assumed to be nega- 
tive, one might expect to find no current flowing in the grid circuit. 
However, the grid does have an appreciable physical size, and some 
electrons will have high enough velocities so that they will penetrate the 
negative field of the grid and cause a small current to flow. For most 
applications this current is so small that it can be neglected. There may 
be positive ions present in the actual tube, which will also cause grid- 
current flow. Some tubes are so designed that they operate with positive 



Fig. 4-4. Plate characteristics of a 6J5 triode. 

grids and hence draw considerable grid current. However, at the 
present time our interests lie with the tubes with negative grids and 
having no appreciable grid current. 

4-4. Triode Characteristics. Since in general a vacuum tube is a non- 
linear device, the most convenient method of expressing its operating 
characteristics is by means of a number of graphs. The plate current h 
for a vacuum triode is a function of two independent variables, the plate 
voltage E b and the grid voltage E c . Therefore the function cannot be 
plotted as a single curve but must be represented either by a space model 
or by families of curves called static characteristics. 

One of these families is shown in Fig. 4-4 and is known as the plate- 
current plate-voltage characteristics, or simply the plate characteristics. 
Here the grid voltage is a parameter. Note that the curve shapes are 
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all similar, but each curve is spaced from its neighbor by approximately 
equal horizontal distances. This is the family which is usually drawn 
in the tube manuals, and from it the plate current can be determined for 
any combination of electrode voltages. 

A second family of curves is known as the transfer, or mutual, charac- 
teristics, and a typical set is shown in Fig. 4-5. It is named transfer, or 
mutual, characteristics because it gives the relationship between plate 
current and grid voltage for constant plate voltage. This family may 
appear at first glance to be more useful than the plate family in predicting 

the operation of a particular tube. 
This is not necessarily the case since 
it does not lend itself so readily to 
the study of the tube in an actual 
circuit. Again all the curves are of 
about the same shape but spaced 
from their neighbors by an approxi- 
mately constant horizontal distance. 
They are not straight lines over 
their entire length but are nearly 
so over a limited region. If, in the 
use of this tube, we so adjust our 
voltages that we never go beyond 
this straight portion, we can treat 
the tube as a linear device and make 
a simple analytical analysis of the 
operation of the circuit. For this 
type of analysis we need to know 
the tube coefficients, which will be 
discussed later. If in our operation 
of the tube we do go beyond the 
linear region, the plate current is no longer related to the grid voltage by 
a constant of proportionality and the device usually is no longer treated 
analytically but is analyzed graphically. 

The third family of curves may be obtained if the plate current is held 
constant by the simultaneous variations of the grid and plate voltages. 
Such a family is plotted in Fig. 4-6 and is known as the constant-current 
characteristics. This family does not give us any additional information 
over that shown by the other two families. It may, however, occa- 
sionally be used for the analysis of transmitt in g-tube operation. 

4-5. Triode Coefficients. In order thoroughly to understand the 
actions of thermionic triodes, we must consider two conditions of opera- 
tion. The first is the static condition and involves only constant voltages 
and currents. The second, and probably the more important, is the 
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Fig. 4^5. Transfer characteristics of 
6J5 triode. 
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dynamic condition. Here the currents and voltages are varying about a 
certain reference point which we shall call the operating point. The 
chief use of the static condition is to locate this operating point and thus 
allow calculations for the dynamic condition. 

Up to this point the properties of vacuum tubes have been considered 
under conditions of constant applied voltages and currents, i.e., the first 
condition named above. Following customary procedure, upper-case 
letters have been employed as symbols for these quantities, both in 
graphs and in equations. Now it is time to begin the study of tube 
action under the second-named condition, which allows some of these 
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Grid voltage E c 

Fig. 4-6. Constant-current curves for a 6J5 triode. 


quantities to be variable with time. Following the same standards of 
practice, lower-case letters should be used. However, the graphs and 
equations obtained under the former condition are useful in this new 
study and hence some confusion in usage of symbols is likely to prevail. 

Equation (4-1) stated a relationship between plate current, plate 
voltage, and grid voltage. Since it is not essential that the quantities 
involved be constants, we may rewrite the relation in the form 


% = f(e b) e c ) (4-2) 

This equation has a very limited usefulness, when in this form, and hence 
it would be desirable to find some expression which would give the actual 
relationship among these three variables. This can be done by means 
of a rather difficult mathematical derivation, which is beyond the scope 
of this book, the result being 


% = k(e b + pe c ) 


(4-3) 
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where k is a constant determined by the geometry of the tube, fx is the 
amplification factor, and n has a value of approximately 1.5. Note the 
similarity between this and the statement of the Child-Langmuir law 
for a diode [Eq. (3-27)]. 

Figure 4-4 is the plate family of characteristics for a 6J5 tube. Since 
the data for each of these curves were taken for a constant value of e c and 
since fx remains approximately constant for all curves (see Fig. 4-8), the 
shape of each curve is determined only by k and n. An examination of 



Fig. 4-7. Determination of the constants in the Child-Langmuir equation, which has 
been modified for the triode. 

the family shows that all have almost identical shapes, which indicates 
that k and n must be constant for that particular tube. 

Experimental evidence to prove that Eq. (4-3) gives the relationship 
between the three variables is not difficult to obtain. If we first write 
Eq. (4-3) in logarithmic form, we have 

log i b = log k + n log ( e b + fxe c ) (4-4) 

which is a straight-line graph when plotted with log i b as the ordinate and 
log (e b + fxe c ) as the abscissa. If we now take values of e b , e c , and i b from 
the curves of Fig. 4-4 and plot log i b vs. log (e b + fxe c ) } a single straight 

line is obtained as shown in Fig. 4-7. In order to do this, it was necessary 
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to know the value of n, which for this particular tube is approximately 20. 
The calculation of this amplification factor jll will be taken up in a later 
section. We can now determine the values of n and k for the triode, just 
as we did in the case of the diode. For this particular tube they are 
found to be n — 1.44 and k = 0.015. Having evaluated these two 
factors, we may write 

% = 0.015(66 + 206c) 1 * 44 (4-5) 


which is the formula that gives the approximate relationship between 
the three variables in a 6J5 triode. Of course this relation also applies 
for the case of constant voltages and current. 

Equation (4-3) gives us the general expression for the plate current in 
any triode. But even this rather simple mathematical expression 
becomes too complicated to use in predicting the operation of a particular 
tube under a given set of operating conditions. It is therefore desirable 
to express the properties of triodes in the form of three coefficients which 
give the rate of change of one variable with respect to a second variable 
while the third is held constant. These are known as the tube coefficients 
and are closely related to the slopes of the three families of characteristics. 

The amplification factor has already been mentioned and may be 
defined mathematically as 


M = 


deb 

de c 


de b 


de c 


jib constant 


(4-6) 


the partial derivative being used to imply that the plate current i b is held 
constant. In this definition it would also be proper to use upper-case 
symbols. The coefficient may be interpreted as being the negative of 
the slope of the constant-current characteristics (Fig. 4-6). Since the 
slope of any of these curves is negative, a negative sign is used before the 
derivative to give a more desirable positive value to the coefficient. 

The dynamic plate resistance r p { — 1 /g p ) has already been discussed 
for the diode, and everything said about it in that discussion holds for the 
triode. It is the reciprocal of the slope of the plate characteristic at a 
given operating point and can be expressed mathematically as 


r p 


de b 

di b 


de b 

dib 


fee constant 


(4-7) 


From an examination of the plate-family characteristics shown in Fig. 
4-4, it can be seen that the slope, and hence the plate resistance, will vary 
over a considerable range of values depending on where the operating 
point is chosen. 

The third tube coefficient is the mutual conductance, or the transcon- 
ductance, either name being acceptable. As the name implies, it is a 
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coefficient which is mutual to, or determined by, two electrodes in the 
tube. There are other mutual conductances which could be defined, but 
to us, unless other electrodes are specified, the term will always mean the 
plate-current grid- volt age mutual conductance. Its symbol is g m , and it 
is defined by 


Qm 


dib 

de c 


dib 

de c 


\eb constant 


(4-8) 


It is equal to the slope of the transfer characteristic at the operating point, 
and its value is usually given in micromhos. 

The relationship between these three coefficients can be shown by 
taking the total differential of i b [Eq. (4-2)]; thus 

dib = de b + de c (4-9) 

oe b oe c 


An examination of this equation shows that Eqs. (4-7) and (4-8) furnish 
substitutions for the partial derivatives ; thus 


di b = — de b + g m de c 


(4-10) 


Now if we take the special case where the plate current is held constant, 
dib becomes equal to zero and Eq. (4-10) yields 

= QmTp (4-11) 

ib constant 

Here the left term is, from Eq. (4-6), the amplification factor /i. Hence 
Eq. (4-11) becomes 

M = QmTp (4-12) 

The three tube coefficients, amplification factor /x, dynamic plate resist- 
ance r v , and mutual conductance g m determine the tube's operation at a 
given operating point. Since the slopes of the plate characteristics and 
of the transfer characteristics vary considerably, the coefficients r v and 
g m likewise vary over quite a range of values. On the other hand the 
slope of the constant-current curves is almost the same for the whole 
family, and therefore n is practically constant for all operating points. 
Figure 4-8 shows the variations in the three tube coefficients for various 
operating points for a 6J5 triode. 

4-6. Calculation of Tube Coefficients. The three tube coefficients 
may be easily calculated from any one of the three families of character- 
istics. The results will be only approximate, but accurate enough for 
most calculations in which we wish to use them. Since the plate family 


de b 

de c 
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is the one most commonly available, we shall use this in our discussion. 
Figure 4-9 gives the plate family for a type 6J5 medium-/^ triode. 

Amplification Factor. If we were using the constant-current char- 
acteristics, the definition of ^ could be used directly to determine its value. 
However, in this case it is not possible to apply the definition exactly. 



40.000 

38.000 
36P00 

34.000 

32.000 

30.000 

28.000 

26,000 

24.000 

22.000 
2Q000 

18,000 

16,000 

14.000 

12.000 

10,000 

8,000 

6p00 

4.000 

2.000 


Grid voltage 


Fig. 4-8. Curves showing the dependence of n, g m , and r p on the operating point of a 
6J5 triode. 


An approximate determination can be made by using the relation 


M = - 


de b 

de c 


= lim - f* 
Ae r . 


A eb — »0 
Aec— +0 


A 

Ae e 


ib constant 


ib constant 
A eb, Aec small 


(4-13) 


Let us now choose an operating point. If the values of any two of the 
three variables are specified, then the value of the third can be obtained 
from the plate family. For instance, if we choose the point Eho = 250 
volts and E co = —8 volts, then from the curves we find that ho — 9 ma. 
The additional subscript o has been appended to indicate an operating- 
point value (also called a bias value). Now if the plate voltage is kept 
constant and the grid voltage changed to —10 volts, the plate current 
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will drop to 4.2 ma. In order to bring the plate current back to 9 ma, the 
plate voltage must be increased to 290 volts. Likewise, if the grid volt- 
age is reduced to —6 volts, the plate voltage must be decreased to 210 
volts to maintain the plate current constant. Thus when the grid voltage 
is changed from —6 volts to —10 volts, or Ae c = — 4 volts, the plate 
voltage must change from 210 volts to 290 volts, or A eb = 80 volts, if no 
change in plate current is allowed. From Eq. (4-13) we may write n = 
— (290 — 2 10)/ ( — 4) = 20. The advantage of straddling the operating 



given operating point for a 6J5 tube. 


point in this determination is that a better average value is obtained. 
The value obtained by this method may be checked by referring to that 
tabulated in a tube manual for the same operating point. 

Dynamic Plate Resistance . The dynamic plate resistance can be deter- 
mined directly from the definition as the reciprocal of the slope of the 
plate characteristic at the operating point. Drawing a tangent line in 
Fig. 4-9, we obtain data which yield 




de h 

d% 


A e^ 
Mb 


| tangent-line values 


300 - 200 
0.0154 - 0.0025 


= 7750 ohms 


The tube-manual value for this coefficient is 7700 ohms, which is a satis- 

factory check. 
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The Mutual Conductance . Here again we may refer back to the 
definition in order to write an approximate expression for the mutual 
conductance. 


Qm 


di b 

de c 


lim 

Atb— ►o Ae c 
Aec— >0 


i eb constant 


A 4 


Ae c 


eb constant 
Aib, Ae c small 


(4-14) 


From the plate family we see that, with the plate voltage held constant 
at 250 volts, a change in the grid voltage from —10 volts to —6 volts 
results in a plate-current increase from 4.2 ma to 14.5 ma. Hence 
g m = (0.0145 — 0.0042) /4 = 2575 micromhos. This is an average value 
obtained in the region of the operating point. In order to check the 
values of the coefficients, let us use the relation y = g m r p ; 2575 X 10~~ 6 X 
7750 = 20, which checks the value of y which was obtained before. 

4-7. Dynamic Transfer Charac- 
teristics. Up to now we have dis- 
cussed transfer characteristics from 
the viewpoint of variable grid volt- 
age and constant plate voltage. 

This means that, unless E bb is 
varied, there cannot be a load 
impedance in the plate circuit of 
the tube. In order to use a tube 
as an amplifier, it is necessary to 
have a voltage output, which can be 
obtained by placing a load resistor 
in the plate circuit. The voltage 
drop across this resistor is the volt- 
age output. As a result the plate voltage will not be constant, since it is 
equal to the battery voltage E bb minus the drop across the load resistor. 
It is then seen that it might be desirable to have a transfer characteristic 
for the tube with a load Rl in the plate circuit and with a fixed value of E bb . 

If a load resistor is put in the plate circuit of the tube as shown in Fig. 
4-10 and data are taken to plot a transfer characteristic with E bb held 
constant, the resulting curve differs considerably from the static curve. 
The new curve is known as the dynamic transfer characteristic. It 
actually is the characteristic of the tube and its load resistor together, 
while the static curve is the characteristic of the tube alone. 

Figure 4-11 shows a static transfer characteristic (Rl = 0) for a 6J5 
tube. It also shows dynamic characteristics for E bb equal to 250 volts 
and load resistors of 10,000, 50,000, and 100,000 ohms. Note that as 
the magnitude of the load resistor increases the characteristic tends to 
become more linear. This seems reasonable because we have effectively 
a linear and a nonlinear element in the same series circuit, and the larger 



Fig. 4-10. Circuit used to determine the 
dynamic transfer characteristics of a 
triode. 
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the linear element becomes, the more the circuit should have over-all 
linearity. 

Use of the dynamic transfer characteristic allows one to make a graph- 
ical determination of the waveform of the plate current in a triode for a 
given waveform of the grid -signal voltage v g . From the circuit diagram 



Fig. 4-11. Dynamic transfer characteristics for a 6J5 tube, 
of Fig. 4-12a we can write 

e c = E cc H- v g (4-15) 

If v g is sinusoidal and V gm is used to designate the maximum value of the 
signal voltage, we can also write 

Vg ~ V gm sin ut (4-16) 

and 

e c = E cc Vgm sin cat (4-17) 

Referring to Fig. 4-125, we see that v g can be plotted on the e c axis with 
the time axis running vertically at e c = E cc . By projection on a dynamic 
characteristic drawn for particular E bb and R L values, the waveform of the 
plate current can be plotted along a time axis running horizontally at 
% = I bo. (The dynamic curve in the figure is for a 6 J5 tube with E bb 250 
volts and R L 50,000 ohms.) This waveform may or may not be similar 
the waveform of the signal voltage v Q , depending on whether the operat- 
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ing portion of the dynamic curve is linear or not. If E cc in the example 
had been chosen more negative, it is possible that the lower portion of the 
current waveform would have been a poor reproduction of the signal- 
voltage waveform. 

The dynamic curve predicts the performance of a tube for particular 
values of Ebb and R L . If either of the latter is changed, a new dynamic 


ib 



Fig. 4-12. 


characteristic must be plotted. 
This is a rather laborious process if 
many such curves have to be 
drawn. As a result, although the 
dynamic characteristic can be used 
in an explanation or as a starting 
point in an analysis of a vacuum- 
tube problem, it is seldom used for 
the design and calculation of practi- 
cal amplifier circuits. 



Fig. 4-13. Interelectrode capacitances 
in a triode. 


4-8. Shortcomings of the Triode. In the evolution of the triode from 
its first crude beginning to its present-day form, it soon became apparent 
that this type of tube was handicapped by its relatively low amplification 
factor. Triodes are commonly used in voltage amplifiers, and, as will be 
shown later, the maximum theoretical gain of an amplifier is given by the 
amplification factor of the tube. Thus it can be readily understood why 
tubes with high value of ^ might be desirable. It has usually been found 
impractical to use triodes with n greater than 100. They can be built, 
but their operation in the usual amplifier circuits is far from satisfactory. 

If we examine the schematic diagram of a triode as pictured in Fig. 4-13, 
we see that three interelectrode capacitances are shown. These capac- 
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itances are actually within the tube itself and are determined by the 
physical sizes and spacings of the electrodes, lead wires, and base pins. 
While they may all be important at times, the only one of interest to us at 
present is the grid-to-plate capacitance C gpj which acts as a link or cou- 
pling between the grid and the plate circuits. If the tube is used as an 
alternating-voltage amplifier, the varying voltages in the grid and plate 
circuits cause an alternating current to flow through C gp into the grid cir- 
cuit. The magnitude of this current is proportional to the size of C gp . 
This feeding of energy from the plate circuit of the tube to the grid circuit 
is called feedback. Under some circumstances it can cause the circuit to 
oscillate. The frequency of the oscillations is largely determined by the 
inductance and capacitance of the circuit. Obviously we should not 
allow a circuit to act as a generator of an alternating voltage while trying 
to use it as an amplifier. 

Triodes with a high value of ix show much more tendency to oscillate 

This can be readily understood. If 
an amplifier has a high gain, a 
small alternating voltage in the 
grid circuit causes a large alternat- 
ing voltage in the plate circuit. 
This in turn causes a relatively large 
current to be fed back to the grid. 
On the other hand an amplifier with 
low gain has a smaller alternating 
voltage in the plate circuit, and hence a smaller current flows back to the 
grid. 

Thus we see that in order to prevent oscillations in amplifiers, we have 
our choice of several alternatives. We can use tubes with low values of p, 
or we can find some means of reducing the interelectrode capacitance C gp . 
A third method would be purposely to feed current back to the grid circuit 
in such a manner as to be 180° out of phase with that fed back through C gp 
and sufficient to cancel its effect. This is known as neutralization, and it 
is often resorted to when triodes are used at radio frequencies. 

4-9. The Tetrode. About twenty years after De Forest invented the 
triode, Dr. A. W. Hull decided to try to reduce the undesirable interelec- 
trode capacitance C gp by introducing a fourth element, which he called a 
screen grid, between the control grid and the plate. He found that, if this 
grid was held at a positive fixed potential with respect to the cathode but 
at cathode potential for alternating voltages, the effective capacitance 
between the control grid and plate was greatly reduced and the tube char- 
acteristics changed. In order to have the screen grid with the correct 
potentials, this electrode can be connected as shown in Fig. 4-14, where 

C is a large bypass capacitor connecting the screen grid to the cathode. 


than do those with low values of jjl. 
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This capacitor is large enough so that it has negligible reactance at the 
frequency of any voltage that is to be applied to the control grid of the 
tube. Since the screen grid is at zero alternating potential with respect 
to the cathode, it acts somewhat as a 

grounded plane between the plate and C 9 1 p 

the control grid, thus reducing their mu- > ;>/> 9 

tual capacitance. If the screen grid had / / ^ \ 

been a solid sheet of metal completely ( c py / _ \ \ 

surrounding the plate, the capacitance / "T^/ A > X ■ 

between the control grid and plate would — + — 1-4 

have been zero. Obviously this could \ \ \ 1 / y1 ^ 2 / 

not be used since it would stop the flow \ / 

of electrons to the plate. Actually the c /yC ^ ^\/ 

screen grid is in the form of a helix 9 ' k Cg<lk 

surrounding the control grid, and it 

reduces C olp to a very small value. tances in a tetrode . 

Figure 4-15 shows some of the inter- 

electrode capacitances in a tetrode, and while the screen grid causes more 
interelectrode capacitances to exist, it has reduced the value of C g \ p . 


Fig. 4-16. Photograph showing the construction of a type 32 tetrode. 

In addition to a second grid some tetrodes have a shield which sur- 
rounds the plate and is connected to the screen grid. The purpose of this 
shield is to reduce the capacitance between the anode and other parts of 
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the circuit external to the tube. Figure 4-16 shows the elements of a 
type 32 tube. Note that the control-grid lead is brought out the top of 
the envelope. This is done to reduce the capacitance between the grid 
lead and the other leads and elements in the tube. Receiving-type 



Fig. 4-17. Plate characteristics of a type 6SJ7, tetrode connected. 


tetrodes are seldom used in present-day circuits, and hence the 32 is a dis- 
continued type. 

4-10. Tetrode Characteristics. Since the plate current in a tetrode is 
dependent on three electrode voltages E c i, E c 2 , and E b , a four-dimensional 

model would be necessary com- 
pletely to represent its characteris- 
tics. Or, as an alternative, several 
two-dimensional families of curves 
may be plotted, each family having 
one of the variables held constant 
and another used as a parameter. 
The most common diagram of this 
type is the plate family with # c2 held 
constant and E c i the parameter. 
Such a family is shown in Fig. 4-17. 

In order to explain the shapes of 
these curves, let us first examine the 
potential distribution in a tetrode as pictured in Fig. 4-18. Here it is seen 
that, in the region between the cathode and the screen grid, the potential 
distribution is almost identical to that in a triode and that the magnitude 

of the plate voltage has practically no effect on the shape of the electric 



Fig. 4-18. Potential distribution in 
tetrode with various plate voltages. 
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field in this region. This is a logical conclusion since, in shielding the 
control grid from the plate by means of the screen grid, the cathode region 
is also shielded from the action of the plate. If the screen grid is main- 
tained at a constant positive potential, the relationship between E cX and 
the cathode current (h = I c 2 + h) will be similar to that for a triode. 
This can be shown by plotting a transfer characteristic of cathode current 
vs. control-grid voltage for a tetrode. This has been done in Fig. 4-19 
for various values of E c2 . When the electrons making up the cathode or 
total space current arrive at the 
plane of the screen grid, a portion 
of them strike this grid, resulting 
in J c2 . However, the structure of 
the screen grid is such that the 
wires are of small diameter and 
the spacing between them rather 
large, which results in most of the 
electrons passing through into the 
space between the screen grid and 
the plate. What happens to them 
there is determined by the rela- 
tive potentials of the plate and the 
screen. 

Once more referring to Fig. 4-17, 
the family of plate characteristics for 
a tetrode, we shall now discuss the 
shapes of the various portions of the 
curves. Taking any one of the fam- 
ily of curves shown, say for E cX — 0, 
we note that when E h — 0 the plate 
current is very small. Any current 
which flows under these conditions is caused by initial velocity of the elec- 
trons and by contact potential difference. If the electrons had started 
out with zero velocity at the cathode, they would have been accelerated 
by the positive potential on g 2 . When they arrived at the plane of g 2f 
they would have reached a maximum velocity depending on the mag- 
nitude of E c2 , If they missed the grid wires and passed into the space 
between g 2 and p, they would have been decelerated by the field, which 
has a negative-potential gradient, represented by curve 1 in Fig. 4-18. 
These electrons would arrive at the surface of the plate with zero velocity 
and would then reverse direction and be accelerated back toward the 
screen grid. They might once more miss the wires of the screen grid, pass 
through, come to a stop, and then again reverse direction of motion. In 
fact, they might oscillate about this grid a few times before striking it and 



Fig. 4-19. Transfer characteristics for a 
tetrode — cathode current vs. grid voltage. 
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causing screen-grid current. Electrons, however, do not all leave the 
cathode with zero initial velocity. Therefore some of them will arrive at 
the plate with enough energy so that they will penetrate the surface, 
causing plate current to flow. As the plate voltage is increased, the 
deceleration of the electrons in the region between the second grid and the 
plate becomes less. Hence more of them will strike the plate, causing an 
increased plate current. A value of plate voltage finally will be reached 
where electrons arrive at the plate with sufficient energy to cause second- 
ary emission. 

According to convention, the plate current due to the secondary elec- 
trons is a negative current. The net plate current is the algebraic sum 
of the primary and secondary currents. As the potential of the plate 
is increased, the primary electrons bombard the plate with higher veloc- 
ities and hence cause more secondary current, while the primary current 
remains approximately constant. As a result the plate current decreases 
with increasing plate voltage as shown in the region ab of Fig. 4-17. The 
slope of this portion of the curve is negative, which means that the 
dynamic plate resistance is likewise negative. Tetrodes usually are not 
operated on this part of the curve, which is known as the dynatron region. 
There are, however, a few special circuits where this negative-resistance 
characteristic is desirable. One such circuit is the dynatron oscillator. 

As the plate voltage is further increased, until it approaches E c2 , fewer 
electrons are attracted to the screen grid. This results in an increased 
plate current (see region be of Fig. 4-17). When the plate voltage 
becomes greater than that of the screen grid, as shown by curve 4 of Fig. 
4-18, all the secondary electrons return to the plate. Since, as explained 
earlier, the plate voltage has very little control over the plate current and 
since, at these higher plate voltages, the secondary current neither adds 
to nor subtracts from the plate current, the plate characteristic should be 
flat or slowly rising with increasing This proves to be the case, as is 
shown by the portion of the curve to the right of c in Fig. 4-17. 

When examining the plate characteristic of a tetrode, the student 
often comes to the conclusion that the flat portion of the characteristic is 
due to the limitation of emission current from the cathode. This is not 
the case. The cathode in a tetrode is capable of emitting much more cur- 
rent than the plate and screen grid are able to take care of without over- 
heating. This can be proved by increasing the screen-grid voltage, which 
will result in an increased space current. The emission current is inde- 
pendent of the electrode voltages and is determined only by the tempera- 
ture of the cathode [Richardson's equation (2-6)]. In this discussion the 
temperature of the cathode is held constant; yet the space current 
increases with screen-grid voltage. This is shown by the transfer char- 
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acteristics in Fig. 4-19. Therefore, we cannot have reached saturation 
current for the emitter, and the flat part of the plate characteristic must 
represent the effect of control of plate current by the plate voltage. This 
is the usual useful operating region for the tube. 

4-11. Tube Coefficients for the Tetrode. From an examination of the 
plate family we can reach the conclusion that, since the slope of the char- 
acteristics is very small in the operating region, the dynamic plate resist- 
ance is very high. Measurements of this parameter for small tetrodes 
show that it has values of a few hundred thousand ohms to more than a 
megohm. This is much higher than values of r v for a triode, which in 
most cases is less than 100,000 ohms. Likewise, we can conclude that, 
since the control-grid voltage has considerable effect on the plate current 
while the plate voltage has very little effect, the n of the tube is quite high. 
Measurements show that it may be as high as 1000. Since the action of 
the control grid is similar to the action of the control grid of a triode, the 
mutual conductances of both types should be of the same order of magni- 
tude. Measurements on tetrodes yield a value on the order of 2000 
micromhos. 

4-12. Shortcomings of the Tetrode. The tetrode has one distinct 
shortcoming, and that is that the operating region is limited at the low- 
plate-voltage end by secondary-emission effect. The first attempt to 
eliminate this difficulty was to use carbonized plates (a graphite coating 
on nickel). Carbon, having a higher work function than nickel, had the 
effect of reducing the secondary emission. Although some improvement 
resulted from this treatment, other methods gave better results. The 
most successful of these involved the addition of a third grid, called a 
suppressor grid. This development was made about 1930. 

4-13. The Pentode. Because of their more desirable characteristics, 
pentodes and beam power tubes have almost completely superseded 
tetrodes in present-day low-power circuits. This is because of the elim- 
ination of the secondary-emission effects which occur when the plate volt- 
age is less than the screen-grid voltage. 

The pentode has three grids. The first, or control, grid, which is 
closest to the cathode, serves the same purpose as the control grid in a 
triode or tetrode. The second, or screen, grid is the same as the screen 
grid in a tetrode. The third, or suppressor, grid is usually connected to 
the cathode and thus sets up a field between itself and the plate such that 
secondary electrons return to the plate. This action can probably best 
be seen by referring to Fig. 4-20, which shows the potential distributions 
in a pentode when the three grid voltages are held constant, and the plate 
voltage is varied. The suppressor grid is connected to the cathode and is 
therefore at zero potential. Note that, in the region between the sup- 
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pressor grid and the plate, the potential gradient is always positive, even 
for small values of E h . This means that all electrons in this region will 
be acted upon by forces which move them toward the plate. 

A question which is often raised is how and why do the electrons get 
into the space between the plate and suppressor grid if the latter is a cath- 
ode potential. This is easily ansered by assuming that electrons are 
emitted from the cathode with zero or a small initial velocity and then 
examining the effects of the various parts of the field between the cathode 
and the plate. 

The portion of the field between the cathode and the screen grid is 
almost the same as the field between the cathode and the plate in a triode. 



Fig. 4-20. Potential distribution in a pentode. 


Therefore the control-grid voltage is able to influence the space current 
just as it does in a triode. On arrival at the plane of g 2 most of the elec- 
trons pass between the grid wires and enter the field between g 2 and g 3 . 
The potential gradient of this field is negative, which means that the 
electrons are slowed down. They arrive at the point of zero-potential 
gradient with a velocity at least as great as the velocity with which they 
left the cathode. This velocity carries them into the space between the 
suppressor grid and the plate. They are then accelerated toward the 
plate if E b has a value greater than zero. If the plate voltage is high 
enough, secondary electrons will be emitted from the plate but the poten- 
tial gradient of the field is such as to force them back from whence they 
came. Thus the secondary-emission effect is eliminated. 

Figure 4-21 shows the plate characteristic of a 6SJ7 tube (normally a 
pentode) operated as a tetrode by connecting the screen grid and the sup- 
pressor grid together. Note that this results in a typical tetrode char- 
acteristic. When the tube is connected normally (as a pentode), the dip 

is eliminated and the flat portion extends down to lower values of Eh. 
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4-14. The Static Characteristics of a Pentode. A family of static 
plate characteristics can. he plotted for a pentode by using a procedure 
somewhat similar to that used for a triode. The only difference is that 
the screen grid and the suppressor grid must be maintained at constant 
potentials with respect to the cathode. Such a family for a 6SJ7 tube is 



Fig. 4-21. Plate characteristics of a 6SJ7, connected (a) as a pentode, ( b ) as a tetrode. 



shown in Fig. 4-22. The screen voltage in this instance was held con- 
stant at a value of 100 volts, and the suppressor grid was connected to the 
cathode. Note that, as in the tetrode, the plate voltage has very little 
effect on the plate current in the operating region of the tube. In fact, 
the plate voltage has even less effect than in a tetrode. This is because 
of the additional shielding by the suppressor grid. If we plot a family of 
static transfer characteristics for a pentode, using values of Eb in the 
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operating range as a parameter and with E c2 held constant, it will be seen 
that the family consists practically of a single curve. Such a family is 
shown in Fig. 4-23. 

4-15. Dynamic Transfer Characteristics for a Pentode. If a given 
load is inserted in the plate circuit of a pentode, as shown in Fig. 4-24, an 
infinite number of transfer characteristics can be plotted. This is 
because of the two parameters, screen-grid voltage and suppressor-grid 
voltage. However, since the suppressor grid is usually connected to the 
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cathode in most circuits, we shall not 
consider it as a parameter during the 
remainder of this discussion. 

Let us first examine the effects of 
varying the load resistor R L , while 
holding E c 2 and E constant. Such 
a family is pictured in Fig. 4-25. 



Fig. 4-23. Transfer characteristics for Fig. 4-24. Circuit for obtaining dynamic 


a 6SJ7 pentode. 


transfer characteristics. 


Note how the straight portion of the curves decreases in length with 
increasing values of R L . This seems to indicate that as the load resist- 
ance in a pentode amplifier is increased, the magnitude of the grid swing 
(peak-to-peak value of grid signal) must be decreased if we wish to keep 
the distortion of the plate-current waveshape down to a reasonable value. 
For example, the swing for the b curve might be from —2.5 to —4.5 volts, 
while for the c curve the limits might be from —3.5 to —4.5 volts. 

A second set of dynamic transfer characteristics for the 6SJ7 pentode 
appears in Fig. 4-26. In this instance the load resistance is held constant, 
and the screen-grid voltage is the parameter. Two load-resistance values 
are used. For the lower resistance value (R L = 25,000 ohms) the curves 
are somewhat similar to the static characteristics in general appearance. 
Note that in the negative control-grid region a much higher range of plate- 
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current values can be obtained if the screen voltage is made high. This 
shows the importance of high screen voltage for power-amplifier opera- 
tion. For the higher load-resistance value (R L = 100,000 ohms) the 
character of the curves is quite different. The curves all have similar 
shapes, and they flatten out at the same value of plate current. These 
latter curves are useful for voltage-amplifier operation. Curves for lower 
screen voltages have somewhat longer straight portions, but the mag- 
nitude of screen voltage used is not 
very critical. 

4-16. Tube Coefficients for a 
Pentode. Referring to the family of 
plate characteristics for a 6SJ7 tube, 
shown in Fig. 4-22, we see that the 
slope of the curves in the operating 
region is very small. Therefore the 
dynamic plate resistance must be very 
high. It is even higher than for 'a 
tetrode. For most pentodes it is of 
the order of 1 to 2 megohms. 

Since the control grid in a pentode 
has about the same effect on space 
current that it has in a triode, we 
would expect the mutual conductances 
to be of about the same order of 
magnitude. By referring to a tube 
manual we can easily check that this „ , . 

is true. The value of g m is usually Fig 4 _ 25 Dynamic transfer charac _ 
found to be in the range of 1500 to teristics for a 6SJ7 pentode. 

3000 micromhos. 

The amplification factor for a pentode is not given in a tube manual. 
However, by means of a vacuum-tube bridge this tube coefficient can be 
measured and may be found to be as high as 2000 or more. One should 
not be misled by this large value of fi. It was previously stated that the 
gain of an amplifier could approach the value of as a limit. Theoret- 
ically this is true, but practically it is impossible to attain gains much 
greater than 250, even though the tube may have a g of 2000. One 
reason for this is that as soon as we use larger load impedances in order to 
increase the gain, the power-supply voltage becomes so large as to be 
impractical. We must therefore be satisfied with less gain than the tube 
is capable of giving. 

It might be well to mention in passing that there are other tube coeffi- 
cients, besides those mentioned above, which are sometimes useful. For 
instance, the screen grid and plate have a mutual conductance, which is 
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defined as g g2v = di b /de c2 . Likewise the screen grid has an amplification 
factor, which may be defined as fi g 2p = —de h /de C 2 - There are other coeffi- 
cients, but since they are seldom used, no more will be said about them 
here. 

4-17. Remote-cutoff Tubes. So far the only pentode discussed has 
been the type similar to the 6SJ7, which is a sharp-cutoff tube. It has 
been named this because there is a rather definite low value of grid voltage 
which makes the tube cut off. This characteristic is shown in Fig. 4-27, 
where curve a is a static transfer characteristic for a 6SJ7. Curve b is 
for a 6SK7, a remote-cutoff type. Note that for the latter the curve 



E c \ (volts) 


Fig. 4-26. Dynamic transfer characteristics of a 6SJ7 pentode for various screen 
voltages. 

becomes almost asymptotic to the zero-current axis and that the cutoff 
voltage is at some indefinite remote point. This type is also called var- 
iable-^* because of the variation of the amplification factor at various 
operating points on the characteristic curve. 

The remote-cutoff, or variable-ju, characteristic is obtained by designing 
the tube with a variable-pitch grid winding. In the 6SK7 the grid wires 
are fairly close together at the top and bottom of the grid but are spaced 
farther apart near the center. Such a construction allows the grid to stop 
the flow of current through the upper and lower portions at a certain low 
negative voltage while current still flows through the center portion. At 
some higher negative grid voltage the center portion will cut off. The 
result is a transfer characteristic like that shown in the figure. 

4-18. Tube Classification by Use. Tubes may be classified according 
to the type of service they are to perform. One such method of grouping 

them is either as voltage amplifiers or as power amplifiers. 



THE VACUUM TRIODE 


95 


Voltage amplifiers are intended for use with high impedance loads in the 
plate circuit and hence are designed for small values of plate current. 
They are therefore constructed with small cathodes, grids, and plates. 
They may be in either glass or metal envelopes and can sometimes be 
obtained in both versions. The metal tube has the advantage of better 
shielding from external fields and of slightly lower interelectrode capac- 



Control -grid voltage.^ 


Fig. 4-27. Transfer characteristics for a sharp-cutoff pentode and a remote-cutoff 
pentode. 

itances. Voltage-amplifier tetrodes and pentodes have been made in 
both sharp- and remote-cutoff types. 

Power tubes, on the other hand, are necessarily high-current tubes. 
They are usually used after one or more stages of voltage amplifica- 
tion and supply relatively large amounts of power to low-impedance 
loads. They must have large cathodes capable of supplying the currents 
demanded of them. The currents to the plate and to the screen grid are 
therefore large, compared with the currents in a voltage-amplifier tube, 
and hence these elements must be designed with large physical size to 
dissipate considerable power. 

Figure 4-28 is a photograph of the elements from various types of tubes. 
The control grids from the 6SJ7 and 6SK7 have been enlarged in order to 
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show the difference in the winding of the wires. The heavier construction 
of the types 6F6 and 6K6, which are power tubes, may be noted. 

4-19. Beam Power Tubes. The beam power tube is sometimes called 
a tetrode although it has the characteristics of a pentode. The difference 
between it and a true pentode is in the manner in which suppression of 
secondary electrons is accomplished. 

The principal limitation of the power output of the pentode tube is due 
to the curvature of the lower end of the h vs. E b curves at low plate volt- 



Fig. 4-28. Elements of voltage and of power pentodes. 


ages. This curvature causes distortion of the output signal. In order 
to keep these curves straight over a greater length, the beam power tube 
was developed. This type of tube accomplished the suppression of sec- 
ondary electrons by causing the formation of a dense cloud of electrons 
between the screen grid and the plate, this space charge establishing a field 
such that it counteracts the action of the screen grid on the secondary 
electrons. 

In order to produce this effect, the cathode must be physically large so 
that it is capable of emitting copious numbers of electrons. It is also 
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flattened so that it is somewhat oval in shape instead of circular. This 
causes the electrons to be emitted in a somewhat broad beam. In addi- 
tion, beam-forming plates, which are shown in Fig. 4-29, are outside of the 
screen grid and connected to the cathode. These further focus the beam 
into one of high charge density. This cloud of electrons is so dense that 
a powerful space charge is set up in the gyp interelectrode region and acts 
in such a manner as to repel secondary electrons back to the plate. 

Since the space current passed by a beam power tube must necessarily 
be high in order to accomplish suppressor action, the screen would inter- 



Fig. 4-29. Internal structure of a beam power tube. ( Courtesy RCA.) 

cept large numbers of electrons if precautions were not taken to prevent 
this by winding the screen grid with the same pitch as the control grid. 
When the tube is assembled, care is taken to see that the screen-grid wires 
are in line with the control-grid wires. Thus when plate current is 
flowing, the screen-grid wires lie in the shadow of the control-grid wires, 
and they therefore intercept few electrons, and so the screen-grid current 
is low. 

The plate family of characteristics for a type 6L6 beam power tube is 
shown in Fig. 4-30. Here it can be seen that the curves are fairly straight 
until they come to the knee, where they fall off very rapidly. 

4-20. Miscellaneous Types of High-vacuum Tubes. There are many 
other types of high-vacuum tubes, some of which are somewhat similar 
to those already described and others quite different. 

A combination of diodes, triodes, and pentodes may be enclosed by a 
single envelope, and while it may be considered as a single tube, it acts as 
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several tubes. The different plates may all use a common cathode, or 
each may have a separate cathode. An example of a duodiode triode is 
the 6SQ7. This tube has a single cathode with two small anodes for the 
diodes mounted below the triode section. Naturally this tube can be 
used only in circuits where it is possible to have the cathodes for the three 
sections common. There are also duodiode pentodes, twin triodes, twin 
pentodes, diode-triode pentodes, and many other combinations. Some 
of the triode sections are low-^i and some are high-ju. An examination of 
a tube manual will soon acquaint the student with these various types. 



There are many other types of tubes such as acorn tubes, lighthouse 
tubes, magnetrons, klystrons, etc., which are used at very high frequen- 
cies, but which we shall not describe or discuss, since they are beyond the 
scope of this book. There are also miniature and subminiature types, 
which are principally small versions of the ones we have already studied. 

REFERENCES 

1. E. E. Staff, MIT : “Applied Electronics,” John Wiley & Sons, Inc., New York, 1943. 

2. Ryder, J. D.: “Electronic Fundamentals and Applications,” Prentice-Hall, Inc,, 
New York, 1950. 

3. Geppert, D. V.: “Basic Electron Tubes,” McGraw-Hill Book Company, Inc., New 
York, 1951. 

PROBLEMS AND QUESTIONS 

Characteristic curves for several types of tubes are contained in Appendix A. 

1. A hypothetical triode has parallel plane electrodes. The distance from cathode 
to grid is 1 cm, from grid to anode 2 cm. Relative to the cathode the grid voltage is 
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— 10 volts, the anode voltage +100 volts. Sketch approximate graphs of the poten- 
tial distributions in the interelectrode space (a) with normally hot Cathode and along 
a line intersecting a grid wire, ( b ) with normally hot cathode and along a line passing 
midway between the grid wires, (c) Repeat (b) but with the plate potential raised to 
150 volts. ( d ) Repeat (a) but with the grid voltage changed to a value which makes 
the potential distribution near the cathode approximately the same as in (c). Com- 
pare the plate currents in parts (c) and (d). 

2 . Name three families of tube-characteristic curves which might be useful in the 
study of electronic circuits. 

3 . Name and give the mathematical symbols and definitions for the three tube 
coefficients for a triode. Also write the mathematical relationship between these 
three coefficients. 

4 . The plate current in a certain triode is 20 ma when Eb = 200 volts and E e 
= — 20 volts. If is approximately constant and equal to 9, what should be the 
approximate plate current if Eb = 300 volts and E c = —30 volts? 

5. Determine the approximate values of k and n in Eq. (4-3) for a triode-con- 
nected 6SJ7 so as to make this equation useful for performance calculations in the 
region near Eb — 275 volts, E c = — 4 volts. Use h in milliam peres. 

6. Use the plate characteristics for a 6J5 to draw a static transfer characteristic 
for E b — 125 volts. 

7. From the plate characteristics for a 6J5 tube graphically determine the approxi- 
mate numerical values of ti, ?p, and g m , independently of each other, for E c = — 6 
volts, E h = 160 volts. Use the relation n = r p g m to check these answers. 

8. (a) Use Fig. 4-5 to determine the approximate value of n for Eb = 150 volts, 
h = 4 ma. ( b ) Repeat for E b = 350 volts, h = 4 ma. (c) Repeat for Eb = 250 
volts, h = 9 ma. 

9 . Use Fig. 4-5 to determine the approximate value of g m for E b = 250 volts, 
h = 9 ma. 

10 . Use Fig. 4-5 to find the approximate values of g., g m , and r p for Eb = 200 volts, 
h = 5 ma. 

11 . Use Fig. 4-6 to determine the approximate values of n , g m , and r p for Eb = 200 
volts, I b — 5 ma. 

12 . Draw the dynamic transfer characteristic for a 6J5 tube for Ebb — 200 volts 
and Rl = 10,000 ohms. The following procedure is suggested: First assume a plate- 
current value. From this the voltage drop in Rl can be calculated, and hence the 
voltage from cathode to plate can be found. The plate voltage and current deter- 
mine a point on the plate characteristics, and hence E c is determined. This procedure 
repeated several times gives the dynamic transfer characteristic. 

13 . What are the two principal shortcomings of a triode? 

14 . A certain tetrode has E ee i — — 10 volts, E cc2 = 150 volts. Sketch the approx- 
imate potential-distribution curves for a straight-line path which intersects the 
wires of the control and of the screen grids, for the following conditions. Label 
each with identifying letters, (a) E b b = 300 volts, (b) Ebb = 150 volts, (c) Ebb — 0 
volt. Is the potential distribution near the cathode greatly different in the three 
cases? 

15 . Data for a tetrode type 24 A can be found in a tube manual, (a) If the plate 
and screen voltages are held constant at 250 and 90 volts, respectively, by approxi- 
mately how much will the plate current increase if the control-grid voltage is increased 
from —3.0 to —2.9 volts? (5) If the control-grid and screen-grid voltages are main- 
tained constant at —3.0 and 90 volts, respectively, by approximately how much will 
the plate current increase if the plate voltage is increased from 250 to 300 volts? 
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16 . For a type 24A tube C g i p — 0.007 nn f, and Ci n — C ff u + C g i ff2 = 5.3 wii. 
E g = 2/0° volts at 796 kc. Since the tube amplifies 100 times, E 0 = 200/180° volts, 
where E 0 is the alternating output voltage. Calculate the current l g (in micro- 
amperes) which flows through the tube capacitances. See Fig. 4-31. 



17 . In a certain pentode with plane electrodes the values of the bias voltages are 
Eh — 200 volts, E e 3 = 0 volt, E c2 = 100 volts, E cl = — 2 volts. The potential dis- 
tribution along a certain path is shown in Fig. 4-32. Many electrons leave the cathode 
with zero velocity. Determine the speed of one of these when it reaches (a) the plane 
of g i, (6) the plane of g 2 , (c) the plane of g z , ( d ) the plate. 



18 . What three methods might be used to avoid oscillations in an amplifier? 

19 . Use the plate characteristics for a 6SJ7 tube. E c 2 = 100 volts, E c z = 0 volt. 
Draw the static transfer characteristics for Eb = 50 volts and for Eb = 300 volts. 

20 . Use Fig. 4-22 to determine the approximate value of g m for Eb = 200 volts, 
E e i — —3 volts. Can these curves be used to determine the values of r p and 

21 . Draw the dynamic transfer characteristic for a 6SJ7 tube with E b b = 200 volts, 
E C c 2 — 100 volts, E ecZ = 0 volt, Rl — 25,000 ohms. Use the procedure suggested in 
Prob. 12. Can you suggest a better method? 

22 . In the manufacture of a type 6SJ7 tube some of the wires of the control grid are 
bent apart because of rough handling. What happens to the tube characteristics? 
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SOME APPLICATIONS OF VACUUM TUBES 

5-1. Radio Communication. Now that we have some notion of how 
an electronic tube works, let us begin to find out how to make it use- 
ful. Its usefulness depends upon its characteristics, and it must be 
incorporated into an electrical circuit which will properly exploit these 
properties. 

Let us begin with an application with which most readers have some 
acquaintance, communication by radio, for example. Since sound waves 
in air lose their energy rapidly as the distance from the source increases, 
and since noise is likely to be at an interfering energy level, direct vocal 
communication can be held over only short distances. If a microphone 
is used to convert sound energy at the source into electrical energy, wires 
may be employed to convey some of this energy to a distant receiver 
which reconverts to sound energy again. This transfer of electrical 
energy is attained by the electric and magnetic fields surrounding the 
telephone wires. It might be attempted to dispense with these wires and 
to create a widespread electromagnetic field at the transmitter, varying 
at the sound frequency. This could be done by using an antenna. A 
similar antenna at the receiver could be used to extract some energy from 
the varying field. However, it is found that this scheme works for very 
short distances only. Investigation shows that for the successful radia- 
tion of energy, the antenna should have certain dimensions approaching 
a quarter wavelength of the electromagnetic radiation. For a reasonable 
antenna size this requires the frequency of the signal to be quite high, say 
50,000 cps or more. Since the human voice has far too low a frequency 
content to meet this requirement, some frequency-changing device is 
needed. Also another frequency changer (detector) is necessary at the 
receiver to get the audible voice frequency again. 

If the sinusoidal waveform for a current is examined, it is conceivable 
that two changes can be made in it. First, the amplitude can be varied, 
and, second, the spacing between waves can be changed. Figure 5-1 
shows a radio-frequency-current waveform before (a to b) and after (b to 
c) it has been amplitude-modulated at an audio frequency, while Fig. 5-2 
shows the same radio-frequency current when it is angle-modulated. It 
can be proved mathematically that either of these types of variation or 
modulation results in the formation of new frequencies which differ from 
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both the original radio frequency (carrier) and the audio frequency and 
lie in a band which includes the carrier. 

For the case of Fig. 5-1 notice that the audio-frequency (a-f) waveform 
(assumed sinusoidal here) may be plainly discerned in the envelope of the 
upper extremities of the modulated radio-frequency (r-f) waveform. If 
the amplitude of the audio signal is increased, the distance between peak 
and trough of the envelope increases further. Thus amplitude modula- 



a b c d 



Fig. 5-2. Angle-modulated wave. 


tion can convey in a high-frequency (h-f) waveform both pitch and inten- 
sity of a signal to be transmitted. 

In Fig. 5-2 the unmodulated r-f-carrier waveform is shown from a to b. 
From b to c the frequency is varying but is higher than that of the carrier, 
while from c to d the frequency is lower. The frequency thus varies 
higher and lower than the carrier at the rate of the audio signal. The 
audio amplitude determines the extent of the frequency variation. Thus 
this system too is capable of conveying both pitch and intensity of an 
audio signal. 

5-2. A-M Transmitter System. Figure 5-3 shows a so-called block 
diagram of one amplitude-modulation (a-m) transmitter system. The 
microphone produces electrical energy of frequency and amplitude corre- 
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sponding to those of the sound-pressure waves. Many types of micro- 
phones have been devised. A carbon microphone is simple, gives more 
a-c electrical energy than the energy contained in the intercepted portion 
of the sound wave, and is used in ordinary telephone work. Its reproduc- 
tion lacks the faithfulness desirable in radio practice. Other types 
include condenser, moving coil, ribbon, and crystal. They do not employ 
electron tubes and need not be discussed here except to say that they pro- 
duce an output voltage more or less closely corresponding to the sound- 
pressure wave. The output voltage is never more than a fraction of a 
volt and always needs to be amplified by a voltage amplifier, often to a 
value as high as hundreds of volts. This latter voltage is applied to an 
amplifier designed to deliver a heavy current at a high voltage. This 


Sound wave 



Fig. 5-3. An a-m transmitting system. 


amplifier is called a power amplifier. As the frequencies are still those of 
the audio signal, this power is fed into a frequency changer. 

The r-f generator usually is a vacuum-tube type of oscillator, a device 
which changes d-c energy into a-c energy at almost any frequency desired. 
The output voltage being rather small, an r-f voltage amplifier raises its 
value and at the same time serves as a buffer to prevent the action of the 
r-f power amplifier which follows from affecting the action of the oscilla- 
tor, which might otherwise vary the frequency of its output. The r-f 
power amplifier is needed because the frequency-changing device used 
here requires r-f power input as well as a-f power input. The two fre- 
quencies are mixed in the modulated r-f power amplifier, which must be 
nonlinear so that different frequencies will be produced. A large h-f cur- 
rent having a waveform represented very simply in Fig. 5-16 to c now 
flows into the antenna, where a magnetic field and an accompanying- 
electric field with corresponding variations are formed. This electro- 
magnetic energy is radiated in directions depending upon the antenna 
configuration, and we shall suppose that some of it is intercepted by the 
antenna system of the receiver. 
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5-3. An A-M Receiver System. The voltage induced in the receiving 
antenna by the desired electromagnetic wave is often extremely small. 
If it considerably exceeds that induced from noise sources (atmospheric 
static, neon signs, automobile ignition, etc.) and from other transmitters 
in the same frequency range, it can be made to deliver satisfactorily the 
signal contained in its modulation. 

The receiver system shown in block-diagram form in Fig. 5-4 has the 
induced antenna voltage applied to the input of an r-f filter, which can be 
adjusted to reject to some extent all signals having their energies outside 
the desired frequency band. A tunable L-C circuit is commonly used for 
this. Next, an r-f amplifier raises the voltage to a higher level, more 
desirable for operating the mixer (frequency changer), and at the same 



60 cps 

Fig. 5-4. Block diagram of a radio receiver. 


time further filters out the undesired signals. The type of frequency 
changer used here mixes the modulated r-f signal with an r-f signal from a 
local oscillator to give a new modulated r-f (called intermediate-fre- 
quency) signal lying in a different band, where it will be further amplified 
and filtered by the intermediate-frequency (i-f) amplifier. The advan- 
tage of this system lies in the fact that all desired signals will be changed 
from their original r-f bands to the same i-f band, and it is possible to 
design the amplifier handling this fixed band of frequencies to do the 
amplifying and filtering much better than if it were to be an adjustable 
one. 

The modulated signal in the i-f band is now perhaps as great as 10 volts 
rms and under favorable conditions is almost wholly free of any interfer- 
ence. Its waveform envelope may be imagined to be that of Fig. 5-1. 
Now we want to get a voltage having the waveform of the upper envelope, 
without the r-f variations. The demodulator, or detector, is used for this 
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purpose. Then an a-f voltage amplifier raises the voltage to a level suffi- 
cient to operate the power amplifier, which in turn drives a loudspeaker. 

In both the transmitter system and in the receiver, batteries or power 
supplies are necessary for operating the tubes. Sometimes rotating 
machines are used to convert alternating current to direct current, but 
more often rectifiers and filters are employed. 

5-4. Background Material. Let us investigate a few devices, includ- 
ing some introduced in connection with a-m systems. These devices 
have a great many applications, even outside the communications field. 
The study of vacuum-tube circuits is somewhat complicated because they 
contain d-c supplies and, in addition, generators which supply either 
periodic or nonperiodic variable voltages. Although the circuits external 
to the tube may be approximately linear, the tube itself has a nonlinear 
characteristic in general and the total currents which flow usually do not 
have the same waveforms as do the applied voltages. However, problems 
of design and analysis we are leaving for later chapters. Here we wish to 
get acquainted in a general way with some vacuum-tube circuits. Thus 
we hope to gain a desirable background for the discussions which follow. 

In all types of vacuum tubes the tube characteristics determine the 
applications to which the tube can be put. For example, the most useful 
property of a diode is its unilateral conductivity. Anode current flows 
when this element is positive relative to the cathode; no current flows 
when the voltage is reversed. For a triode two properties are most 
important. First, if the operation is conducted in what is called a linear 
region, where the plate-current vs. grid-voltage characteristic curve is 
approximately straight, then alternating voltages applied between cath- 
ode and grid produce an anode current with the variable component of 
approximately the same waveform as the alternating grid voltage. This 
property is useful in amplifiers. Second, if the operation is conducted in a 
nonlinear region, where the characteristic of plate current vs. grid voltage 
is sharply curved, the tube becomes a distorter. Distortion can prove 
quite useful: it makes possible detection, modulation, frequency changing, 
limiting, and many other processes. In the circuits which follow, the 
appearance of the circuit does not always indicate what it will do, as the 
region of tube operation is also quite important. 

No attempt is made in this chapter to give elaborate details of how a 
circuit works. In many cases waveforms are drawn to indicate what the 
circuit does. Arrangements for heating the cathodes are omitted from 
the diagrams in all cases. 

5-5. The Diode Rectifier. The diode is most often used as a rectifier 
or as a detector. Figure 5-5 shows a simple half-wave rectifier circuit. 
The anode- or plate-current waveform shown is representative if the load 
is a resistor. The usual load, however, would be a storage battery under 
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charge or some other electrochemical device where a current having a 
positive average value is needed and a pulsating waveform is not objec- 
tionable. For use as a supply of direct current from an a-c source, a 
filter is needed, and Fig. 5-6 shows a rectifier with a filter. The inductor 
L permits direct current to pass freely, but it offers high impedance to the 

varying “ripple” components. 
The large capacitors C, on the 
other hand, offer low impedance 
to alternating current and tend 
to eliminate it from the load 
current. The load current thus 
becomes direct current equal to 
the average value of the tube 
anode current. The load in this 
case is often the tubes of a radio, 
which is thus enabled to operate 

from an a-c power line without the 
Fig. 5-5. A half-wave rectifier. f , . 

use ox oat tenes. 

5-6. The Diode Detector. The diode is much used as a detector of 
a-m radio signals. Figure 5-7 shows a circuit diagram for such a detector. 
The a-m r-f waveform is shown for The envelope of the peaks of the 
r-f waves represents the a-f intelligence carried by the wave. Note that 
the circuit is very similar to that of the rectifier of Fig. 5-6. However, 



Fig. 5-6. A half-wave rectifier with a filter. 


in this case the transformer coil is part of a tuned circuit, which causes a 
comparatively high voltage to be built up between ground and the anode 
of the tube for signals corresponding to the tuned frequency and a low 
voltage for signals differing in frequency from the tuned frequency by 
more than a small amount. Thus it acts as a filter for high-frequency 
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voltages, allowing only the modulated signal of the desired frequency 
band to be acted upon by the detector circuit. When makes the anode 
positive relative to the cathode, the tube conducts with a comparatively 
low voltage drop and the capacitor C rapidly charges to nearly the peak 
value of the secondary voltage. When the voltage e in decreases from its 



Fig. 5-7. A diode detector. 



Fig. 5-8. A current amplifier. 


peak value, the charge appears to be trapped on C, since the tube is now 
nonconducting, but C can discharge through R , which it does slowly, R 
being large in ohmic value. If R and C are properly chosen, the voltage 
across C rises and falls as the upper envelope of e tn rises and falls; but R 
must not discharge C fast enough to allow the output voltage e Q to follow 
the rapid r-f variations in the e in waveform. Thus e a is a voltage of the 
same waveshape as that of the original audio signal used to obtain the 
modulated wave e in . 
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5-7. The Triode Current Amplifier. If a current is too feeble to 
actuate a certain indicating instrument, it is often expedient to amplify 
the current rather than to obtain a more sensitive instrument. Figure 
5-8 shows a form of current amplifier. The batteries furnish bias to the 
grid and to the plate in order to place operation of the tube in a desired 
linear region. The small current i i, which is to be measured, flows 
through R g , producing a variable voltage which alternately increases and 
decreases the cathode-to-grid potential. The anode current therefore 
also rises and falls, but the variations are much larger than those of i\. If 
it is desirable that only the variable component of i 2 pass through the 
load, a filter may be used. Its action should be clear from the explana- 
tion, given in Art. 5-5, of the functions of the inductor and of the capacitor. 

5-8. The Triode Voltage Amplifier. The direct voltages E cc and E bb 
in Fig. 5-9 place the tube operation in the linear portion of the tube char- 
acteristics. Signal voltage v g varies 
the cathode-to-grid potential about 
the value set by E CCJ thus raising 
and lowering the plate current from 
its no-signal, or quiescent, value. 
This varying current causes a vari- 
able voltage drop in R h ; as the grid 
potential rises, the plate potential 
falls. The direct component of the 
voltage between cathode and plate 
is prevented from reaching the out- 
put by means of a blocking capaci- 
tor C . The scales for v g and e 0 in 
Fig. 5-9 are not the same, since the 
magnitude of e a may be up to 50 or 
more times as great as that of v a . This ratio is called the voltage gain, or 
the amplification. The gain usually increases as the value of R b is made 
higher, but the practical size of R b is limited by the voltage E bb available. 

5-9. Two-stage Voltage Amplifier with Resistance-Capacitance Cou- 
pling between Stages. The voltage gain of the resistance-capacitance- 
coupled (jR-C-coupled) amplifier diagramed in Fig. 5-10 is the product of 
the gains of the individual stages and therefore may be as high as 2500 or 
more. The capacitor Ci is called a blocking, or coupling, capacitor. It 
prevents the high direct plate potential of tube 1 from improperly biasing 
the grid of tube 2, while permitting the variable plate voltage to be 
impressed on the grid. In order properly to bias the latter grid, a d-c 
path between cathode and grid must exist, and hence R g is inserted to 
provide this path. The ohmic value of R g must be quite high since Ci and 
R g form a voltage divider, and as large a portion of the output voltage of 


C 



Fig. 5-9. A triode voltage amplifier with 
fixed grid bias. 
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tube 1 as practicable should be applied to the grid of tube 2. Note that 
a common E bb supply for the two tubes is used, this being the general 
practice. 

5-10. Two-Stage A-F Voltage Amplifier with Transformer Coupling 
and Cathode Bias. In the circuit of Fig. 5-11 the interstage iron-core 



Fig. 5-11. A two-stage transformer-coupled amplifier with cathode bias. 

transformer apparently has three advantages over an R-C type of inter- 
stage coupler. First, it provides a very high impedance load in the plate 
circuit of tube 1, which, as we shall see later, results in this tube having a 
gain almost equal to its n. Second, it causes very little loss in direct 
voltage, and therefore a high value of E bb is not needed. Third, the 
transformer may have a step-up turns ratio, which results in some addi- 
tional voltage gain. However, these advantages over R-C coupling are 
offset to some extent by the following facts: The transformer is susceptible 
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to stray magnetic fields which may cause hum in the output. Also the 
transformer costs more, it is heavier, its frequency-gain characteristic is 
usually not so good, and it usually must be used with a low- or medium-^ 
tube, while the 22-C-coupled stage may use a high-/* tube. In practice the 
#-C-coupled amplifier is much more common. 

In the circuit of Fig. 5-11, voltage for the grid bias is provided by the 
anode power supply. If the negative side of E bh is grounded, as is usually 
the case, the fall in potential across Rk , due to direct plate-current flow, 
maintains the cathode at some desired positive voltage (bias) above 
ground. Thus the grid, which is at the same direct potential as is ground, 
is negative relative to the cathode when the signal is zero. The capacitor 

Ck serves to bypass the alternating 
components of the plate current and 
prevents Rk from becoming an addi- 
tional a-c load in the plate circuit of 
the tube. Cathode bias is a very 
common arrangement, which can be 
used instead of fixed bias in any of 
the circuits of Figs. 5-8 to 5-10. 

5-11. The Pentode Voltage 
Amplifier with Resistance Load. 
The pentode amplifier of Fig. 5-12 
operates in a manner similar to that 
of the triode . The N o. 3 grid usually 
operates with zero bias, Le., it is tied 
to the cathode. The No. 2, or screen, 
grid usually has a positive bias of 
about 100 volts when the plate-supply voltage E bb is as high as 300 volts. 
Rd is a voltage-dropping resistor used to allow E bb to furnish the screen- 
grid bias. To prevent Rd from becoming a screen-grid a-c load, it is 
bypassed to the cathode by a capacitor Cd. It will be recalled from Chap. 
4 that, when the screen grid is maintained at a suitable fixed positive 
potential relative to the cathode, fi and r v are high and also g m is reason- 
ably high. Thus the gain is high, values up to 250 being readily obtain- 
able. The amplifier in this form is useful mostly for operation over a 
moderately wide band of frequencies, for example, the range of audible 
frequencies. 

5-12. The Pentode Voltage Amplifier with Tuned Load. For amplify- 
ing r-f voltages the gain of circuits like that of Fig. 5-12 is too low. This 
is because unavoidable capacitance between circuit elements connected 
to the top of R b and ground tends to short R b at high frequencies. This 
effect can be compensated for to some extent. This is done when the 
wide band extends into the r-f range. However, it is often desirable to 


a 



Fig. 5-12. A pentode voltage amplifier. 
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amplify only a narrow band of radio frequencies. The arrangement of 
Fig. 5-13 then works very well. The input and output tuned circuits act 
to give high grid and output voltages at the tuned frequency and to dis- 
criminate against signals of other frequencies. By properly designing the 
tuned circuits, very high voltage gain is obtainable. If a triode is sub- 




stituted for the pentode, the circuit will probably oscillate because of the 
energy feedback from the plate to the grid. This may be avoided if 
neutralization of some kind is used. However, pentodes are nearly 
always employed. 

6-13. The Power Amplifier. The circuit shown in Fig. 5-14 resembles 
that of the first stage of the triode 
voltage amplifier of Fig. 5-11. How- 
ever, the interests of the designer 
differ. In Fig. 5-11 high voltage out- 
put is wanted, along with small dis- 
tortion, and both are obtained by using 
a high-impedance plate load. In 
this case, however, the interest is in 
power output, and the load arrangement of the voltage amplifier gives 
high voltage, little current, and little power. A properly chosen load of 
moderate size would give less voltage, more current, and more power. 
Since R is seldom the correct value of load for the tube, a transformer is 
used, making the load (Ai/A 2 ) 2 ft, which becomes the correct value if the 
transformer turns ratio is correct. For large power output the grid must 
be driven with a high voltage and a tube chosen which has a large cathode 



Fig. 5-14. A triode power amplifier. 
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for ample emission and a large anode to dissipate safely considerable 
power. Distortion is a problem to be dealt with and has a bearing on the 
choice of load. 

Instead of the triode, a pentode or beam power tube may be used if 
desired. The load must then be very carefully chosen if high distortion 
is to be avoided. Also a screen-grid voltage supply must be provided. 
This is usually the same as the anode supply, since more power output can 
be obtained with this arrangement. Hence usually no voltage-dropping 
resistor is used. Although the pentode power amplifier operates with 
less alternating grid voltage than does a triode and is more efficient, it 
possesses some drawbacks, which will be discussed later in more detail. 

The iron-core transformer, shown in Fig. 5-14, for a-f use, may be 
replaced by a tuned air-core transformer (see Fig. 5-13) if radio frequen- 
cies are to be handled. As might be expected, the design and adjustment 
of this transformer are not the same for the power amplifier as for the 
voltage amplifier. 

5-14. Classes of Vacuum-tube Amplifier Operation. The plate-circuit 
efficiency of an amplifier is defined as the ratio of the a-c power delivered 
to the load to the d-c power furnished by the plate power supply. Any 
change in circuit adjustment or mode of operation which increases the 
a-c power or decreases the d-c power will tend to increase the efficiency. 
Increasing the alternating voltage applied to the grid has the effect of 
increasing the a-c power output, whereas it may increase the d-c power 
input only slightly. It seems desirable then to apply voltages of high 
amplitude to the grid of a power tube. In fact the alternating voltage 
applied to the grid may be made so great in amplitude that the grid 
becomes positive relative to the cathode during part of the cycle and pos- 
sibly swings beyond plate-current cutoff during another part of the cycle. 
This sort of operation can result in very high efficiency, but the output- 
current or -voltage waveform is often considerably misshapen compared 
with that of the grid voltage under smaller-drive conditions. For if the 
grid becomes positive, grid current flows and any impedance in the grid 
circuit causes a voltage drop ; this results in a decrease in the voltage reach- 
ing the grid of the tube. As this occurs only on the positive peaks, there 
is a tendency to flatten off this portion of the waveform of the grid volt- 
age and hence of the corresponding portion of the output-current and 
-voltage waveforms. When the grid voltage swings negatively beyond 
plate-current cutoff, the lower portion of the plate-current waveform is of 
course flattened. One sees then that high-efficiency operation often 
brings with it considerable distortion, and one must make a choice as to 
which is more important or take measures to eliminate the distortion. 

Since this matter often comes up for discussion, it is usual to classify the 
various modes of operation. If plate current flows during all of the cycle, 
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5-15. A Phase Inverter. Using a single-voltage source a phase inverter 
is employed to furnish an output of two numerically equal voltages 180° 
out of phase (relative to ground). The second stage in the circuit of Fig. 
5-11 can be changed to a phase inverter if a ground connection to the 
transformer secondary is made to mid-tap c . 

One R-C type of phase inverter is diagramed in Fig. 5-16. Tube 1 and 
its circuit constitute an ordinary amplifier. Suppose an alternating volt- 
age of 1 volt peak is fed to its grid and that the gain is 15. Then e\ 0 is 15 
volts peak value and 180° out of phase with v lg , as shown in the diagram. 
The tap at x is situated at one-fifteenth of the resistance value from the 
ground end of the resistor, and hence the voltage at x is 1 volt below 



ground when is 1 volt above ground. This voltage at x is applied to the 
grid of tube 2, which likewise amplifies to produce e 2o with 15 volts peak 
value and with 180° phase shift. Thus e l0 and e 2o are both 15 volts and 
180° out of phase with each other. Tube 2, which reversed the phase of 
e 2o relative to e l0 , is called an inverter tube. Sometimes the whole circuit 
of two tubes is called a phase splitter. 

5-16. A Push-Pull Power Amplifier. A push-pull power amplifier 
such as that of Fig. 5-17a is a type of balanced amplifier which has two 
main features. (1) It needs to be preceded by a phase inverter or another 
balanced amplifier. (2) To obtain maximum benefit from the arrange- 
ment, it always uses a transformer in the plate circuits. The principal 
advantages of the push-pull amplifier are twofold. (1) Each tube may be 
operated under conditions which result in high efficiency but which would 
produce great distortion with a single-tube circuit. (2) The plate-circuit 
transformer combines the two tube currents in such a way that the sec- 
ondary load receives a current or voltage with very little distortion (no 
even harmonics). 
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The sketches of Fig. 5-176 show first the waveforms of the voltages 
applied to the two grids. Next are the current waveforms, evincing very 
great second-harmonic distortion. However, the current i 2 flowing in the 
secondary has a waveform bearing an excellent resemblance to that 

Of Vlg. 

5-17. An Amplifier with a Cathode Load. If an impedance is placed 
between cathode and ground, it is in the cathode-to-grid circuit as well 
as the cathode-to-plate circuit. This placement is described as being in 





Fig. 5-17. (a) A push-pull amplifier. (6) Waveforms. 


the cathode circuit. A variable plate current passing through the 
cathode-circuit impedance causes a voltage drop which becomes a part 
of the variable grid voltage. Because of this action, amplifiers with 
cathode-circuit impedances have rather special properties. An example 
of this type of circuit is one with its load in the cathode circuit. 

A commonly used type of amplifier with a cathode load is shown in 
Fig. 5-18. By using a power tube and a transformer-coupled load this 
could be used also as a power amplifier. The principal features of this 
type of amplifier are as follows: (1) The input impedance of the grid cir- 
cuit is very high. (2) The output impedance (looking back from the out- 
put terminals) is very low. (3) The distortion, even for large input sig- 
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nals, is very low. (4) The gain is less than unity. (5) There is no phase 
shift between input and output. The circuit is known as a cathode fol- 
lower because of the fact that the potential of the cathode follows that of 
the grid. 

5-18. A Feedback Oscillator. An oscillator is an electronic-tube cir- 
cuit used for changing a direct voltage into an alternating one. Its 
mechanical analogue is the clock with its weights, pendulum, escapement, 
and gear train. A pendulum, once set in motion by being given a small 



Fig. 5-18. A cathode-follower voltage amplifier. 


displacement, swings in an approximately simple-harmonic manner, but 
the amplitude of swing decreases gradually because of friction and windage. 
The escapement applies a force to the pendulum in synchronized pulses, 
and thus the swing continues with constant amplitude. Figure 5-19 
shows an L-C parallel circuit which receives a pulse of unidirectional cur- 
rent every time the switch is momentarily closed and opened again. 
Following each pulse, the current i tf which circulates through the coil 
and capacitor combination (tank), is alternating with a frequency depend- 
ing upon L, C, and the circuit resist- 
ance, and this current diminishes in 
amplitude each cycle because of loss 
of energy. However, if the switch 
is closed in proper timing with the 
oscillations in the tank, an approxi- 
mately sinusoidal current of con- 
stant amplitude can be maintained. 

Figure 5-20 shows one form of feedback oscillator. L i and Ci con- 
stitute the tank circuit. Any random impulse in the tube causes a change 
in the plate current. This causes a small sinusoidal current to circulate 
in the tank, and a voltage is induced in L 2 . The two coils are so wound 
and placed that when the upper end of Li is positive, the lower end of L 2 
is also positive (observe the two dots). Hence, the cathode-to-grid volt- 
age is positive when the cathode-to-plate voltage is negative. This grid 
voltage results in a plate voltage which is amplified and reversed in phase. 
Hence, the original impulse, now strengthened in amplitude, excites a 



Fig. 5-19. A parallel-resonant circuit. 
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larger tank current, which in turn induces a larger grid voltage, and so on, 
until a condition of equilibrium is finally reached. At this point, the tank 
current is sinusoidal and large, as is also the grid voltage. 

5-19. A Class C Amplifier. The idea expressed in the explanation of 
the feedback oscillator can be employed to make a very efficient con- 
trolled power converter. Instead of deriving a grid signal from the out- 



Fig. 5-20. A feedback oscillator. 



Fig. 5-21. A class C r-f power amplifier. 


put tank, it may be obtained as the output of another amplifier. Thus, in 
effect, the opening and closing of the switch in Fig. 5-19 is externally con- 
trolled. The energy fed to the tank comes from the plate power supply. 
If the closing and opening of the switch occurs at a time in the cycle when 
the voltage across the tank is near its maximum, the voltage across the 
switch is a minimum and less energy is lost in arcing at the contacts. 
Turning from the analogue back to the tube, the efficiency of power con- 
version is high if the plate current flows in short, heavy spurts, timed 
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when the plate voltage is low. To achieve this operation the plate-supply 
voltage is made high and the grid-bias voltage set far beyond cutoff. A 
very high grid drive is employed, which causes a large plate current to 
flow for perhaps one-third of a cycle. If the plate tank is tuned to agree 
with the frequency of the grid signal, the tank responds to the excitation 
with a very large circulating current of approximately sinusoidal wave- 
form. A practical class C amplifier circuit and waveforms of voltages 
and currents important in its operation are shown in Fig. 5-21. The con- 
nection from the lower end of the output transformer back to the grid is 
provided to give neutralization and thus to prevent the amplifier from 
acting as an oscillator. 

Since the class C amplifier needs a tuned-plate load in order to give a 
sinusoidal output from a sinusoidal input voltage, it is useless for audio 
frequencies. It is employed to amplify only unmodulated, key-inter- 
rupted, or f-m r-f voltages. It can also be used in the production of a-m 
signals. 
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PROBLEMS AND QUESTIONS 

1. (a) Sketch an a-m wave where the audio signal is small and of constant ampli- 
tude and frequency. (6) Repeat (a) for the same conditions except that the fre- 
quency of the audio signal is doubled, (c) Repeat (a) for the same condition except 
that the amplitude of the audio signal is doubled. 

2. Which determines the extent of the frequency variation in an angle-modulated 
wave, the audio signal’s amplitude or its frequency? 

3. Why is a system of filters or tunable L-C circuits needed in a radio receiver? 

4. Most broadcast (a-m) receivers use diodes to perform two functions. Name 
them. 

6. A diode detector circuit and its input-voltage waveform are shown in Fig. 5-7. 
(a) C and R are proper sizes for correct detector action. Sketch one cycle of the volt- 
age across R. ( b ) C and R are made much too small for proper detector action. 
Sketch the waveform of the voltage across R. ( c ) C and R are made much too large 
for proper detector action. Sketch the waveform of voltage across R. 

6. A current amplifier uses the circuit of Fig. 5-8. R g — 200,000 ohms, g m = 2000 
micromhos. The resistance of the a-c milliammeter is negligible so that the plate volt- 
age of the tube remains constant. If 7i = 5jua rms, determine the reading of the a-c 
milliammeter. Hint: See Art. 4-6. 

7. Instead of having no load resistor as in the case of Prob. 6, a plate load of 
100,000 ohms is used in series with the a-c milliammeter. (a) Why does the method 
of that problem not give the meter reading in this case? ( b ) If the voltage amplifica- 
tion is 15, what is the reading of the meter? 
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8. Which of the following tubes are quite suitable for use preceding an iron-core 
interstage transformer: 6J5, 6SF5, 6SJ7? 

9 . (a) In Fig. 5-12 state the purpose of each of the following circuit elements: R k , 

Ck, C d ,Rd, Rb . (6) Why is the suppressor grid connected to the cathode instead of the 

screen grid? (c) What is the purpose of the capacitor C ? 

10 . Which of the blocks in Fig. 5-4 could utilize the device diagramed in Fig. 5-13? 

11. For Fig. 5-3, pick circuits from .this chapter which could perform the function 
named in each box. The microphone and the modulated r-f amplifier may be omitted. 

12. In Fig. 5-14 the load on the secondary of the output transformer (ratio N\/N% 
= 10) is 10 ohms. What a-c load does the tube see in its plate circuit? 

13 . The dynamic characteristic for a certain triode power tube is shown in Fig. 5-22. 

The grid-current characteristic is also shown. The grid bias E c0 is —30 volts. The 
load is Rl — 2500 ohms, (a) The grid 
signal is sinusoidal and 20 volts peak 
value. Draw the grid-voltage and plate- 
current waveforms. (6) Determine the 
average plate current ha. (c) Deter- 
mine the effective value I p of the si- 
nusoidal alternating plate current as 
0.707 times its peak value. ( d ) Compute 
the power Pbb furnished by the plate 
power supply as Ebbha . ( e ) Compute 

the a-c power P ac supplied to the load as 
I p 2 Rl. (/) Compute the plate-circuit 
efficiency %> as P ac /Pbb. (g) Repeat the 
above computations for a grid signal of 25 
volts peak value. ( h ) Does a larger value 
of grid signal result in higher efficiency in this example? (i) What class is the oper- 
ation in each of the above cases? (j) The grid signal is changed to 40 volts peak 
value. E C o — — 30 volts as before. What is now the class of operation? (h) The 
bias is changed to E e0 = —80 volts, and a signal of 100 volts peak value is used. 
What is the class of operation? Why do you think the efficiency might be higher 
than in any of the above cases? 

14 . In the cathode follower of Fig. 5-18, if the grid is made 1 volt more positive 

than normal relative to the cathode, a test 
reveals that e 0 is 15 volts higher than before. 
What value of v g is required to cause this to 
happen and what is the amplification e„/v g ? 

15 . In Fig. 5-23 the operation is class 1. 
(a) When e g = 1 volt, a test reveals that 
the voltage from C to A is 16 volts. What 
value of v g is being applied? ( b ) If v g is 
made 4.5 volts, what are the values of 
e\ Q and e 2o ? (c) In case ( b ) what is the 
phase angle between e Xo and e 2o ? What is 
meant by this phase angle? 

16 . (a) For the circuit of Fig. 5-17 sketch the waveform of the current through the 
plate power supply. What is the frequency of this current in terms of that of v Xg ? 
( b ) Graphically subtract i 2 b from in. What waveform does the result resemble? 





CHAPTER 6 


CONCEPTS USEFUL IN 
VACUUM-TUBE-CIRCUIT ANALYSIS 

6-1. Introduction. Electronic apparatus already constructed may be 
tested in the laboratory for performance. The information obtained is 
useful in designing new equipment, but often insufficient data are taken 
to determine what the performance would be if some circuit details were 
changed. Hence, it is desirable that one be able to make on paper an 
analysis of the operation of a circuit, as this often most readily determines 
the approximate influence of any circuit component. Furthermore, a 

simple mathematical or graphical 
analysis of a circuit is often 
cheaper and more quickly made 
than a laboratory test. 

Any mathematical method of 
analysis requires symbols for the 
quantities involved. Many sets 
of symbols are in current use, 
and some confusion results from 
this multiplicity. The symbols* 
of this book are based upon stand- 
ards of the Institute of Radio Engineers (IRE). To facilitate under- 
standing, not all of them will be tabulated at once, but some will be 
introduced gradually as the study continues. 

6-2. The Triode with a Plate Load. A rather general representation 
for the circuit of this type is shown in Fig. 6-1. Symbols for quantities 
of principal immediate interest are shown. The head end of the arrow, 
used in connection with an algebraic symbol for voltage, indicates its 
positive sense. As an example, if v g = 5 sin cot, v g is positive for values of 
cot between 0 and ir. During this interval the voltage v g makes the grid 
more positive than the bias value, E cc . v g is negative for values of 
cot between r and 2w, and the situation is now reversed from that indicated 
by the sense arrow. Without the sense arrow one would not know 
whether a positive value of v g means the grid potential is above or below 
the bias value. Closed-head arrows are used to indicate positive 

* A table of symbols will be found in Appendix C. 
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sense of current. If at some moment 4 is negative, then the conventional 
current is flowing in a direction opposite to that of the arrow. Note that 
most of the voltage symbols mean rise in potential in a direction from the 
cathode to some other electrode. The symbol e L is an exception, as it 
should agree with the convention of Ohm’s law, e L = i b R L , which states 
that the fall in potential in the direction of conventional current flow 
through a resistor is in phase with the current as well as being propor- 
tional to its instantaneous magnitude. 

Definitions: 

Ef f is the effective value of heater or filament supply voltage. 

E b b is the direct voltage supplied to the plate circuit. 

E cc is the direct voltage supplied to the grid circuit. 

E bh and E cc are commonly supplied by either batteries or electronic 
devices. In either case they may be represented by battery symbols. 
Usually the internal impedances are so small that they can be neglected. 

v g is the instantaneous value of signal voltage introduced into the 
grid circuit. 

In general v with a suitable subscript is used to represent an applied signal 
voltage. 

e c is the instantaneous total value of cathode-to-grid voltage rise. 
eb is the instantaneous total value of cathode-to-plate voltage rise. 
e L is the instantaneous total value of voltage drop across Z L in the 
direction of positive sense of 4. 
i c is the instantaneous total grid current. 

4 is the instantaneous total plate current. 

Z L represents the series equivalent of all E, L, and C elements in the 
plate circuit external to the tube. 

Z c represents the series equivalent of all R , L, and C elements in the 
external grid circuit. 

From the circuit of Fig. 6-1 it is apparent that 

e c = E cc + v g (6-1) 

e b = Ebb — 0 l (6-2) 

6-3. Quiescent Operation of the Triode Circuit. When E ff} E bh , and 
E cc are active in the circuit of Fig. 6-1 but v g is zero for a considerable 
length of time, the operation is said to be quiescent. 
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Definitions: 

E co is the quiescent value of e c . 

E bo is the quiescent value of e b . 

E Lo is the quiescent value of e L . 
ho is the quiescent value of 4. 

I co is the quiescent value of i c . 

The i b vs. e b curves for a typical triode are shown in Fig. 6-2. With no 
signal applied in the grid circuit, v g is zero, and E cc and E bb together with 



Z c and Z L determine the tube operation. The quiescent grid voltage may 
be obtained from the equation 

E c0 = E cc — IcoRc (6-3) 

In this case R c is the d-c resistance of Z c . For the usual case, E cc is neg- 
ative so that I co is zero, and the quiescent grid voltage or bias E co equals 
E cc . The quiescent value of plate voltage is given by the equation 

Ebo ~ Ebb — Elo = Ebb — IboRdc (6-4) 

where Rd c is the d-c resistance in the plate circuit of the tube. The locus 
of E bo , ho is obtained by plotting Eq. (6-4), using the axes of e b and 4 in 
Fig. 6-2. It is readily determined that this straight-line locus always 
crosses the e b axis at E bb , and this point together with any other point may 
be used to fix the line. This locus is called the static- or d-c-load line. 
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For any value of direct current through the tube and plate circuit, it 
shows the voltage furnished by E bb , the part of this voltage used by the 
load Rdc , and the remaining part left as the drop across the tube. The 
quiescent operating point Q lies on the line, and if E co is known, Q is fixed. 

6-4. Signal Voltages. In many industrial electronic circuits the wave- 
shape of the voltage applied to the grid is sinusoidal. In some others it 
is unidirectional and slowly changing. In communications circuits a sig- 
nal of steady character, such as a 
sinusoid or uniformly and regularly 
interrupted constant voltage, trans- 
mits no intelligence; therefore the 
waveforms used are irregular and 
usually do not repeat in cycles. 

In radar and in television circuits 
the signal voltages are often in the 
form of pulses. 

These various waveforms require 
different techniques for making a 
study of circuit behavior. The 
commonest method, which works 
well for cyclic signals, is that of 
using a Fourier analysis (see Art. 

6-16) of the signal waveform and 
applying each sinusoidal frequency 
component to the circuit. This 
method will be used throughout 
most of this book. Usually a 
single-frequency signal is assumed, 
but it must be remembered that 
this is often but one of the many 
that are applied simultaneously. 

Signals are sometimes applied to 
tubes, to other grids besides the first. In such cases it is important to 
learn how to handle this aspect of the analysis. In most cases, however, 
it is assumed that the only signal applied is that to the first grid. 

In actual cases, rapidly varying signals usually have zero average value. 
Even if a d-c component is present, it is often blocked from reaching the 
grid by a series capacitor or by a transformer. In cases where it is not 
blocked from the grid circuit, the d-c component is often considered to be 
part of the grid bias for the tube, and only the remaining alternating part 
is considered as the signal. 

6-6. The Grid-bias Line and the Dynamic-load Line for Resistive 
Loads. Let us now consider some details about Z L . Figure 6-3 shows 




Fig. 6-3. Some common plate-load ar- 
rangements. 


the plate circuit or, in multielement 
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some examples of common load arrangements. In Fig. 6-3 a the d-c plate 
load is Rl and the d-c-load line may be drawn in the manner described in 
Art. 6-2 and shown in Fig. 6-2. The load for alternating current is R L , 
the same as for direct current. As the grid voltage changes, if the locus 
of points of instantaneous operation is plotted from the relation e b = Ebb 
— uRl, it is easily seen that the a-c-load line is identical with the d-c-load 
line [see Eq. (6-4)]. 

In the circuit of Fig. 6-3 b numerical values have been assigned in order 
to make the explanation clearer. Let us assume C and C k to be so large 



that their ohmic values to the sinusoidal current are negligibly small. 
The d-c plate load is therefore#^ = R b + Rk = 50,000 + 2000 = 52,000 
ohms. The static-load line is drawn in Fig. 6-4. To do this, two points 
are located, one at e b = 300 volts on the % = 0 axis and another point, 
say for e b = 100 volts. This means that the voltage drop in Rd c , of 
300 — 100 = 200 volts, is caused by i b = 200/52,000 = 3.85 ma. The 
quiescent operation point Q is on this line, but since the cathode bias 
caused by plate-current flow through R k is unknown, Q cannot be located 
immediately. 

Next, we may draw a grid-bias line showing how the bias varies with 
plate current. For zero grid bias % = 0 is required. For E co = —2 
volts, ho = 2/2000 = 1 ma. For E co = —4 volts, ho = 2 ma, and so on. 
These points determine a locus (not usually straight) upon which Q, 
determined by E co and I bo , must be situated. Q is therefore at the inter- 
section as shown. 
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The varying part of the plate current follows a path for which and 
R g in parallel constitute virtually all the impedance, if C and C k are very 
large. The a-c load is therefore 33,300 ohms. Little error is occasioned 
by assuming that the a-c-load line passes through Q, and a second point 
may be determined for drawing it. When % = = 2.9 ma, a voltage 

drop in the a-c load of 0.0029 X 33,300 = 96.5 volts results, which means 
that the line intersects the e b axis at e b = E b0 + 96.5 = 150 + 96.5 = 
246.5 volts. 

In the circuit of Fig. 6-3c, R dc = R k if the output transformer has neg- 
ligible primary d-c resistance. The d-c-load line and the bias line are 



Fig. 6-5. Plate diagram for the circuit of Fig. 6-3c. 


shown in Fig. 6-5. The a-c load is (Ni/N 2 ) 2 X 10 = 20 2 X 10 = 4000 
ohms because of the transformer and the 10-ohm secondary load, plus 
1000 ohms because the R k resistor is not bypassed by a large capacitor. 
The load line for R ac — 5000 ohms is shown. Assuming that it passes 
through the Q point, its intersection on the e b axis may be computed as 
being 0.030 X 5000 = 150 volts greater than E bo . 

It should be noted that, whenever the a-c load exceeds the d-c load, the 
plate diagram will resemble Fig. 6-5; an a-c load smaller than the d-c load 
results in a diagram similar to that of Fig. 6-4. The grid-bias line is use- 
ful only when R k is known and the bias is not. The d-c-load line is useful 
when the Q point is not known. It usually serves no useful purpose after 
Q has been determined as the dynamic operation does not follow it. 
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6-6. The Case of a Reactive Load. The load in the plate circuit of a 
vacuum tube need not be a pure resistance and often is not. As an 
example, consider the triode of Fig. 6-6 with an inductive load. With no 
signal applied, the plate current I bo is steady, and the inductive reactance 

has no effect. The d-c load exter- 
nal to the tube itself is therefore 5000 
ohms. A load line for this value is 
constructed and labeled “d-c-load 
line” in Fig. 6-7. The quiescent 
operating point is now located at Q . 
With a signal applied to the grid 
Fig. 6-6. A triode with an inductive load, circuit the plate current varies, and 

Kirchhoff’s equation for the plate circuit becomes 



e b — E b b — Cx, — Em 


This relation between % and e b} constrained by the load, when plotted will 
give the path of operation of the tube. The equation has a term involv- 
ing the time rate of change of i h and therefore this term is dependent upon 



the rate of variation of the grid voltage. Thus the load line, or path of 
operation, has a shape dependent upon the grid signal and the shape and 
spacing of the plate characteristics of the tube and cannot readily be 
plotted. If, for the sake of completing the discussion, one is willing to 
approximate by considering the tube characteristics as parallel, straight, 
and equidistant lines, so that no distortion appears in the plate current, 
then a sinusoidal grid drive results in a sinusoidal current, 


'Ip — I pm. COS 0 )t 


(6-6) 
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where i p is the variable part of 4 (see definition 4 under Art. 6-7), and 
, 4 -7&o ~ b I pm cos ut (6-7) 

Therefore, upon substitution in Eq. (6-5), 

&b Ebb f J o-Rl Rdpm COS C ct | prri Sin Oif, 

or 

e b = Ebo — I pm cos (coi + 0) 

where 

0 = arctan ^ 

ILL 

Equations (6-7) and (6-8) constitute the parametric equations of an 
ellipse, c ct being the parameter. The locus may be drawn by assuming 
values of c d and plotting the points obtained. For this example let us 
assume the drive to be sufficient to make I pm = 16 ma and that ho = 24 
ma and Ebo = 180 volts, for the tube and circuit values used. Then 
at = 0 yields e b = E bo ~ I P mR L and i h = I bo + I pm , or e b = 180 — 0.016 
X 5000 = 100 volts and 4 = 24 + 16 = 40 ma. In like manner, ut = 
90° yields e& = 260 volts, 4 = 24 ma; ut = 180° gives e b = 260 volts, and 
4 = 8 ma; ut = 270° corresponds to e b = 100 volts, 4 = 24 ma. The 
elliptical locus is drawn in Fig. 6-7. It can be shown that the points on 
the ellipse corresponding to maximum and minimum values of current 
(.4 and B) are the intersections with the ellipse of a load line correspond- 
ing to the resistive part of the load. This is noticeably true in this case 
and is also generally true. 

There should now be a realization of the shape of the path of operation 
and of the direction of instantaneous-operating-point travel along the 
path for an inductive load, but little can be gained by using this method. 
Since no distortion was assumed, the circuit can be much more easily 
solved by application of the linear-equivalent-plate-circuit theorem to be 
developed later. If actual tube characteristics are used, the path is no 
longer elliptical nor is its shape readily determined. Hereafter, if the 
graphical method using load lines is attempted, the load must be at least 
approximately a pure resistance. 

6-7. Variations of Plate Current and Plate Voltage Resulting from a 
Grid Signal. 

Definitions: 

e g or Ae c is the variable part of e c - 
e p or Ae b is the variable part of e b . 
e 2 or Ae L is the variable part of e L , 
i p or A4 is the variable part of 4. 


(6-8) 

(6-9) 
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The positive sense of each of these quantities is assumed the same as that 
of the total quantity of which it is a part. Thus e Q is positive when it 
increases the potential of the grid above that of the cathode. 

When the grid is made more positive than the bias value, the plate 
current increases, resulting in greater voltage drop in the load. This 
causes the difference in potential between the plate and the cathode to 
decrease. The action is shown graphically in Fig. 6-8, using the plate 
diagram for a triode with a resistance load. In drawing this diagram it 
has been assumed that the % vs. curves for different grid voltages are 
equally spaced in the region cut by the load line. If this is true, a sinus- 
oidal grid voltage e g will result in a sinusoidal waveshape for both i v ande p . 



It is often desirable to refer to sinusoidal voltages and currents by their 
effective (rms) values, which are expressed by the symbols V g , E 0 , E p , I p , 
and E z , each corresponding to the same lower-case letter. In expressing 
mathematical relationships between sinusoidal quantities the notation of 
complex numbers is convenient. For example, the complex algebraic 
symbol for V Q is V ff . This symbol carries its own magnitude and phase 
angle. Thus the polar expression for a sinusoidal v g is V g = V g /6, and 
similarly for the other quantities. 

Under the idealized conditions of Fig. 6-8, where no grid current flows 
and no distortion of waveform occurs, the following relations may be seen 
to hold: 


e c = E c0 + e g 

(6-10) 

eb = Ebo + c v 

(6-11) 

Cl — E Lo + c z 

(6-12) 

^ b == ^bo + ip 

(6-13) 
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6-8. The Dynamic Characteristic. Under most conditions of oper- 
ation, application of a signal to the grid produces a plate current of dis- 
torted waveshape and a new set of symbols is needed. 

Definitions: 

E ca (grid bias) is the average value of e c with signal applied. 

E ba is the average value of e b with signal applied. 
lha is the average value of i b with signal applied. 

Average values may be read on a d’Arsonval type of instrument. 



Fig. 6-9. Dynamic transfer characteristics of a triode amplifier with waveforms of 
current and voltage. 

If corresponding values of i b and e cy occurring on the a-c-load line for a 
triode, are plotted on rectangular i b and e c axes, a so-called dynamic trans- 
fer characteristic results (see also Art. 4-7). For example, the dynamic 
transfer characteristic corresponding to the plate diagram of Fig. 6-8 is 
shown in Fig. 6-9. If the points of intersection of the characteristic 
curves with the load line in Fig. 6-8 are equally spaced, the dynamic char- 
acteristic is a straight line. Figure 6-9 also pictures clearly the steady 
and variable components of grid voltage and of plate current. 

If the spacing of the points on the load line mentioned in the preceding 
paragraph is not uniform, the plate diagram has the appearance as in 
Fig. 6-10 and the dynamic transfer characteristic resembles the example 
shown in Fig. 6-11. If a sinusoidal grid signal is applied, the waveform 
of i b is distorted and, because the load is resistive, that of e b suffers a 
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Fig. 6-10. Plate diagram of a triode with fixed grid bias and nonlinear operation 
(exaggerated). 



wi 


Fig. 6-11. A dynamic transfer characteristic for a triode with fixed grid bias, for linear 
and for nonlinear operation. 
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similar distortion. As a consequence, the positions of the load line and 
of the dynamic characteristic shift. To show this, we need to study both 
figures. As a preliminary step, let it be assumed that a small sinusoidal 
grid voltage e g is applied (shown in Fig. 6-11 only). A small alternating 
plate current i' p flows, sinusoidal in form, so that the total plate current 
averages I bo • The grid-voltage swings are still centered at Q. 

Now allow the grid swing to increase in size (e"). The resulting plate- 
current waveform (i p ) is drawn, together with the average value I ba , 
which in this case exceeds J& 0 . Since the d-c-load line is the locus of aver- 
age values of e b and i b , the point A representing (E ba ,I ba ) lies on the d-c- 
load line (see Fig. 6-10). Also, since the load is resistive, i b and e b have 
the same waveshapes (inverted), and whenever i b passes through its aver- 
age value I ba , the plate voltage e b passes through its average value E ba at 
the same instant. Hence ( E ba ,I ba ) is a point on the dynamic-load, or a-c- 
load, line also. In other words, as the grid drive is increased, the a-c-load 
line moves upward (in this case) so that it always passes through A. The 
new line is drawn broken in Fig. 6-10, as is the corresponding dynamic 
transfer characteristic in Fig. 6-11. If the bias is fixed, the grid voltage 
still swings about E c0 = —30 volts as an axis (called the time axis) and 
the variational values of i b (or e b ) should be measured from the correspond- 
ing time-axis values obtaining at T, whenever it is desired to relate values 
of e b , i b , and e c at the same instant. 

Definitions: 

E ct is the time-axis value of e c . 

E bt is the time-axis value of e&. 

I bt is the time-axis value of i b . 

Strictly speaking then, 

e p is the variable part of e b measured from E bi . 

i p is the variable part of i b measured from I bt . 

These values are related as follows: 

e b — E b t + e p 
% — Et + i v 

T is the point determined by E ct , E bt , ht . It is on the actual a-c-load line 
and the dynamic transfer characteristic. 

The dynamic operating point T does not usually coincide with the static 
operating point Q because of the nonsymmetrical waveforms of plate cur- 
rent and voltage produced by nonlinear distortion. This is sometimes 
referred to as the effect of plate-circuit rectification. 

For triodes the nonlinear distortion is not very severe under single-tube 
class A operation, and the shift of operating point is usually small. It is 


(6-14) 

(6-15) 
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therefore common procedure to assume T to be Q, which makes % = I h0 + 
i p . Similar relations hold for e p and e z . 

For other classes of triode operation and for power pentodes in any 
class, the distortion is often rather severe, and for most accurate results 
the procedure for determining T outlined in Art. 6-18 or some other equiv- 
alent one should be followed. 

6-9. Circuit Theorems. 12 In addition to the laboratory method for 
determining circuit behavior, numerous theorems have been developed 
which are helpful in determining the performance of a circuit or in design- 
ing one. The student already has some familiarity with some of them; 
others are new. The topics listed here will be discussed in some detail in 

These are (1) Ohm’s law, (2) Thevenin’s the- 
orem and Norton’s theorem, (3) the equivalent- 
linear-plate-circuit theorem, (4) the harmonic 
analysis of a periodic function, (5) graphical 
harmonic analysis of plate current, and (6) the 
series expansion for plate current. 

6-10. Ohm’s Law. It is assumed that the 
student already has considerable familiarity 
with Ohm’s law. However, a brief restatement of certain facts may be 
desirable. 

For a d-c circuit, E = IR, E is the voltage drop across the resistor in 
the direction of conventional current flow (see Fig. 6-12). If the value 
of R is independent of the magnitudes of E and /, the resistor is said to be 
linear. (For linearity it is assumed that the effect is the same for either 
polarity of the applied voltage.) 

If the voltage and current vary with time, we may write e = iR. 
Since inductance or capacitance in the circuit also causes a difference in 
potential, it is desirable to incorporate the effects of L di/dt and (1/C) Ji dt 
into Ohm’s law. This can be done if we assume L and C also to be linear 
elements (the value is independent of e or i) and the waveform of e to be 
sinusoidal. Recalling that E and I are complex numbers, in algebraic, 
polar, trigonometric, or exponential form, which represent the effective 
values and the phases of the voltage and the current, respectively, we can 
write E = jlX L and E = — jlX c as satisfactory solutions to the problem 
of obtaining the more desirable forms. The student should remember 
that X L = 2tt/L and X c — 1/27 r/C. 

If an alternating voltage is applied to a complex network of R , L, and C 
linear elements, the ratio E/I can be expressed as a complex number which 
is denoted by Z. The value of Z can be computed by using the R, jX L} 
and — jXc representations for the components and combining them in the 
same manner as for a similar network composed entirely of resistors. The 
angle of Z will be found never to exceed 90° in magnitude. Thus it can 


the articles which follow. 



Fig. 6-12. 
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Fig. 6-13. 


be stated that the instantaneous potential drop across a linear network 
containing no generators is in the direction of the instantaneous current 
flow at least half the time. One result is that although the instantaneous 
value of the power, fed from the source of applied voltage to a linear net- 
work containing some resistance, may be sometimes positive and some- 
times negative, yet its average value is positive. 

Although the chief applications for Ohm’s law are in connection with 
networks containing linear elements R , L , and C only, it offers possibilities 
for investigating the character of any network between tw^o terminals 
(see Fig. 6-13) . A voltage E is assumed 
to be applied to the box terminals 
with arbitrary positive sense. Posi- 
tive sense for I is taken to agree with 
that for E, as though the box were a 
load. By writing Kirchhoff’s circuit 
equations around various loops of 
the network and using other available 
theorems, suppose we obtain Z from the relation Z = E/I. For example, 
suppose Z = 3 + ohms. Then the network is the equivalent of 3 
ohms resistance in series with 4 ohms inductive reactance at the frequency 
of the voltage used. However, suppose Z is determined as — 3 + j‘4 = 
5 /127° ohms. Thus, in its original a-c meaning, Ohm’s law has failed 
since 6 > 90°. However, a new interpretation may be gained by refer- 
ence to Fig. 6-14 if one solves for the power delivered to the box. P = El 
cos 6 = El cos 127° = —0.6 El. In words, power has been delivered 
from the box rather than to it. Thus the box must contain the equivalent 

of a generator. 

— =► With E and I properly sensed, if Ohm’s 

law yields Z with an angle numerically less 
than 90° or with R positive, the network 
absorbs average power. If, on the other hand, 
the angle of Z numerically exceeds 90°, or if R 
Fig. 6-14. is negative, the network contains the equiva- 

lent of a generator. 

6-11. Thevenin’s Theorem and Norton’s Theorem. Thevenin’s 
theorem is useful for converting any linear network with two terminals into 
an equivalent series circuit. Thevenin’s theorem may be used as follows : 

1. Referring to Fig. 6-15a, remove the load, either actually in the lab- 
oratory or on paper. 

2. Determine the open-circuit voltage E oc between the terminals. 

3. Remove all generators from the network, replacing them by their 
internal impedances. Measure the complex impedance between the net- 
work terminals. Call this Z oc . 
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4. Draw Thevenin's equivalent series circuit as in Fig. 6-156. The gen- 
erator voltage is E oc , and the impedance in series with it is Z oc . 

5. Reconnect the load impedance. 

The current through the load and the power delivered to the load are the 
same as though the original circuit were used. 

The proof of Th6venin's theorem is easily obtained from Fig. 6-16, 
which is the same as Fig. 6-15o except that an additional series generator 


w 


> — 






H(— 

Z oc 


^ load 

© © - 


-< 



<W 



Fig. 6-15. (a) Linear bilateral net- 
work. (6) Th6venin’s equivalent cir- 
cuit. 


the action of any other generator, 
as the superposition theorem .) 

The current Ii, produced by tl 


with voltage E oc has been inserted 
with sense as shown. The impedance 
elements in the circuit, being linear, 
are unaffected by the magnitude of 
the currents, and hence each genera- 
tor produces a current independent of 



Fig. 6-16. Diagram for proving Thevenin’s 
theorem. 

(This independence of action is known 
newly introduced generator alone, is 


Ii = 


Zoc + Z\ 


(6-16) 


If we tentatively assume that the total current I 2 equals zero, then the 
voltage between network terminals xx is E ocy with the result that the total 
voltage drop around the loop through Zi oad is zero. This justifies the 
assumption that I 2 = 0, since there can be only one value of total current. 
The current I, produced by the generator of the original network, is 
I 2 — Ii, and hence 


I = 


+ 


Zoc + Zi 


(6-17) 


This is the same as the current I determined by the circuit of Fig. 6-1 5b. 
Hence we may use Fig. 6-156 to replace Fig. 6-15a. 

Norton's theorem is easily obtained from that of Thevenin. In Fig. 
6-156 consider a short circuit applied across the load impedance. 

E<?c I SqZ oq 


(6-18) 
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E c 


With the short circuit removed 

Z oc "T Zload 

Substituting to eliminate E oc yields 


I = 


Zoc + Zload 


L 


(6-19) 


( 6 - 20 ) 


Equation (6-20) is indistinguishable from that obtained from Fig. 6-17, 
which features a constant-current generator delivering a current I sc to 
Z oc in parallel with Z load . If Z load is varied, I 8C remains constant but I 
varies. 

The concept of a generator which delivers the same current regardless 
of the magnitude of the load may worry us a little. Let us use Ohm’s law 
to determine its emf and internal impedance Z int . Making Z load in Fig. 
6-17 equal to zero yields I sc = emf/Z int . With Z w infinite, I ac = 
emf/ (Z int + Z oc ). Hence emf/Z int = emf/(Z int + Z oc ). Since Z oc ^ 0, 
the only manner of satisfying these relations is to claim that Z int = °o and 
emf = oo. Therefore in drawing Norton’s equivalent circuit, it is well 
to omit the drawing of the generator and to show only the arrow indicat- 
ing the positive sense of I 8C . 

Norton’s equivalent circuit for any linear network may be obtained as 
follows : 

1. Short the load, and determine the magnitude and phase of the short- 
circuit current. {Caution: This is 
safe procedure on paper but may be 
dangerous in the laboratory with low- 
impedance circuits.) Label a current 
arrow with this magnitude. 

2. Remove the short and the 
load, and determine the open-circuit 
impedance in the same manner as for Thevenin’s theorem. Use this 
impedance as a shunt as shown in Fig. 6-17. 

3. Reconnect the load. 

Both Thevenin’s and Norton’s theorems give the same results when 
their application is legitimate. Many vacuum-tube circuits do not 
behave in a linear manner, and discretion must be exercised. 

6-12. The Equivalent-plate -circuit Theorem. In Chap. 4 it was 
shown how jt, g m , and r v for a triode may be determined from the % vs. 
family of curves. If these curves in some region are approximately 
straight and parallel, then r p is almost constant. If they are also about 
equally spaced, then g m and p are almost constant. These conditions 
can usually be assumed to exist over at least a small region, and if the 
tube is constrained to operate in this region, the operation is said to be 



Fig. 6-17. Norton’s equivalent circuit. 
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linear. In other words, if % = f(e b ,e c ) were sketched in three dimensions, 
an approximate plane surface in the operating region would result and the 
operation of the tube follows this plane relationship. 

In many cases of vacuum-tube-circuit analysis the variations in plate 
current and voltage caused by a grid signal are of greater importance than 
the steady or quiescent values. If the operation of the circuit is linear, 
these variational quantities can be readily computed by the use of the 
equivalent-plate-circuit theorem. This theorem states the effect in the 
plate circuit of a signal voltage applied in the grid circuit. We shall now 
develop this theorem. 

Allow 66 and e c to vary independently, and from the total differential of 
the calculus obtain 

A 4 ~ di„ = p Ae b + ^ Ae c (6-21) 

or in the special symbols of this book (and dropping the approximation 
symbol) 

ip &p ~ 1 ~ Qm@Q ( 6 - 22 ) 

or 

ipfp “ ~ h (6-23) 

Recalling that 

e b = Ebb - e L (6-2) 

and 

e b = E b o (6-11) 

6l ~ Elo ~t~ Cj. (6-12) 

we obtain 

Ebo + e P = Ebb — Elo ~ (6-24) 

Since 

Ebo — Ebb — Elo (6-4) 

it follows that 

e p — —e z (6-25) 

which is more or less obvious. Hence Eq. (6-23) may be changed to the 
form 

fie g — e z — i p r p = 0 (6-26) 

Equation (6-26) represents the action in a vacuum-tube plate circuit, 
such as that shown in Fig. 6-18, because of the action of grid-circuit signal 
v g . We note the following points: 

1. Only the part of v g which reaches the grid, namely, e g , is effective. 
e g is fi times as effective, per volt, in the plate circuit as is e 3 . 

2. Only varying components of current and voltage occur in the equa- 
tion. Therefore the equation is useless for determining direct currents 
and voltages. 
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3. Any kind of passive load may be used, and e z is the voltage drop 

across it. 

4. The ordinary nonelectronic circuit of Fig. 6-19 has the same loop 
equation. 

It follows that the circuit of Fig. 6-19 is useful as an approximate sub- 
stitute for the actual tube circuit, and in so far as ju and r p remain con- 
stant, it is a good substitute for computing variational quantities. 



P 



Fig. 6-19. linear equivalent circuit for 
the network of Fig. 6-18. 


If the load consists of linear elements equivalent to R, L, and C in 
series, then 

e* = i p R + L ^ i J i, dt (6-27) 

If this be substituted into Eq. (6-26), then the value of i p can be deter- 
mined if the other quantities are known. If e g is sinusoidal, a great saving 
in labor results by the use of effec- 
tive values of currents and voltages 
as shown in Fig. 6-20. Since 

E* - I P Z L (6-28) 

Eq. (6-26) changes to the form 

fxE g - l p Z L - I p r p = 0 (6-29) 

The complex-number symbols indi- 
cate that each carries its own magni- 
tude and phase angle. Since e p = — e z from Eq. (6-25), the symbol for 
e p may be shown in Fig. 6-19 and its effective-value counterpart in Fig. 
6 - 20 . 

For many purposes it is convenient to think of certain points of these 
circuits as corresponding to actual elements in Fig. 6-18. Thus symbols 
k and p may be added to represent cathode and plate, respectively. The 
grid circuit may be added, if desired, as shown in Fig. 6-21. This series 


P 



k 

Fig. 6-20. Thevenin’s equivalent circuit 
for sinusoidal voltages. 
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circuit is often called Thevenin’s or the const ant-voltage equivalent plate 
circuit. 

If the load in Fig. 6-2 1 is shorted, 

I.c = - E - = g m E # (6-30) 

T P 

Since the open-circuit impedance is r p , it follows that Norton’s equivalent 
circuit has the form shown in Fig. 6-22. In some applications it is more 


9 P 



k 


Fig. 6-21. Equivalent plate and grid 
circuits. 


P 



Fig. 6-22. Norton’s equivalent circuit. 


convenient than the const ant- volt age-generator or Th^venin’s circuit. 
Both circuits give the same answers in solving a problem. 

An amended form of the plate-circuit theorem, in which signals are 
applied in both the grid and the plate circuits, is given in Prob. 9 at the 
end of this chapter. 

6-13. The Equivalent Plate Circuit for the Pentode and Other Multi- 
grid Tubes. Figure 6-23 shows a pentode connected in a simple circuit 



Ecci Ebb 

Fig. 6-23. A pentode circuit. 


with a plate load. Most of the symbols adopted for triodes are useful 
here, with minor changes. Voltages applied to grid 1 may take a sub- 
script 1 if necessary to avoid confusion. Those applied to other grids 
always take subscripts according to their numbers. As examples: 
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Ecc 2 is the direct voltage applied between cathode and grid 2. 

e C 3 is the total instantaneous voltage rise from cathode to grid 3 (in this 
case e C 3 equals zero). 

Vo 2 is the instantaneous voltage introduced into the grid 2 circuit from 
some other circuit. 

Other symbols which are formed in the same fashion should be readily 
recognized. 

For many applications of the pentode, v g2 is zero, E cc 2 is positive, and 
e C 3 is zero. The impedance Z c2 can be made practically zero. A signal 
Vgi causes variation of currents i c 2 and 4, but there being no impedance in 
the second-grid circuit, the value of e c2 does not vary. Thus, although 
the bias voltages E ci , E c2 , E c 3 , and E b determine the operating point, the 
only elements with varying voltages relative to the cathode are the No. 1 
grid and the plate, the same as for a triode. Under these circumstances 
and when the operation is linear, the equivalent plate circuit for a pen- 
tode is identical with that of the triode. If a signal is applied to another 
grid also, say the screen (and again 

only if the operation is linear), it is T If 1 

necessary only to insert in the R* 

series equivalent circuit another ^ 

generator with voltage label p g2p e g2 , 9 i + <L 

where p g2p = — de b /de c2 . ^ J - ^ 2 

6-14. An Example of the Con- 

struction of an Equivalent Plate p IG . 6 - 24 . A pentode circuit. 

Circuit. A somewhat complex pen- 
tode circuit is shown in Fig. 6-24. Assume in this circuit that C, Cd, 
and Ck are all very large, so that at the signal frequency their reactances 
are negligibly small. The quiescent operating point is determined by the 
characteristics of the tube, the voltage Em, and the values of the resistors 
Rk , Rd , and R b . Assume that the values of p and r v have been determined 
at this operating point, which lies in a linear region. 

1. The part of the equivalent circuit which represents the tube between 
p and k can be made by drawing a resistor for r p and a generator for each 
alternating voltage applied to a grid. Each generator is labeled with its 
emf fiE g , with the positive-sense sign toward k. The sense signs are 
chosen in this way so that l p may be assumed with positive sense in the 
same direction as was % in the actual tube circuit. The p and E g sub- 
scripts are determined by the grid being used. 

2. If a signal voltage V p has been introduced into the plate circuit (none 
has in this example), insert in the series plate circuit a generator labeled 
and representing V p , with positive sense in the same direction in the cir- 
cuit as that of txE g . 

3. Omit all direct supply voltages and currents, and delete resistors 
used to regulate the d-c values if they are not part of an a-c path. 
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4. Complete the series plate circuit by inserting the load impedance. 

5. It is generally convenient to choose a point g to which the compo- 
nents comprising the grid circuit can be connected. This includes V g , 
which should have positive sense toward the grid g . Likewise draw con- 
nections for other grids if signals are applied to them. 

6. Draw arrows, as convenient, to represent positive sense of currents. 
These directions are arbitrary except in the case of I p , which has been 
standardized in preceding articles. 

7. Rearrange the circuit in any convenient fashion. 

8. Eg is the voltage rise from k to 
g. By any convenient path deter- 
mine E g in terms of other voltages, 
currents, and impedances. 

9. Write circuit-loop equations 
and node equations using KirchhofFs 
laws. Sufficient equations should 
be obtained to solve for any quanti- 
ties desired. 

Following these steps for the cir- 
cuit of Fig. 6-24 results in the equivalent circuit shown in Fig. 6-25 and 
these equations: 

From step 8: 

E e = — I2R2 4 " V0 

From step 9: 

llEg — 1 1/4 — I pT p ^ 0 

Ii Rb — h(Ri 4~ R2) — 0 

Ii + I2 = I P 

If V g is known, then there are four equations in four unknowns Ii, I 2 , I p , 
and Eg. Any of these may now be determined. 

6-15. Limitations on the Linear-equivalent -circuit Method of Analysis. 
The foregoing method of setting up an equivalent circuit for studying 
the performance of a vacuum-tube circuit is certainly one way of solving 
a problem which at first appeared to be quite involved, viz., the perform- 
ance of a nonlinear device like a vacuum tube combined with linear- 
impedance elements. But of course the truth is that the vacuum tube 
has been treated as though it were linear, which it often is not. How- 
ever, if the tube’s grid voltage varies only slightly, say a volt or so from the 
quiescent value, the equivalent-circuit device works very well. For some- 
what greater grid drive the device still is valuable in making estimates. 
For large variations in grid potential a better method of analysis is needed. 

It will be found later that voltage amplifiers usually have low enough 
grid drive so that the equivalent-circuit method gives results which are 


9 P 



k 


Fig. 6-25. Thevenin’s equivalent for the 
circuit of Fig. 6-24. 
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quite near those obtained in the laboratory, provided all effects are taken 
into account and the values of ji and r p are known. This latter require- 
ment is somewhat of a catch, for, except for a few operating points, the 
values of these tube parameters are rarely found in a tube manual. Of 
course they may be measured on a vacuum-tube bridge if one is available, 
determined by some other laboratory device, or calculated from a set of 
characteristic curves. For power amplifiers the grid drive is usually too 
great for the linear-equivalent-circuit method to be used for any purpose 
other than an estimate of results. 

6-16. Fourier Analysis of a Periodic Function. 3 Voltages, currents, 
and other quantities for which the waveform repeats can be separated 
into sinusoidal components by the Fourier method. For example, if fit) 
represents such a periodic quantity, we can write 

fit) = Bq + Bi cos a )t + B 2 cos 2ut +•■•+#„ cos nut + • * * 

+ Ax sin a )t + A 2 sin 2 ut + • • • + A n sin nut + • • • (6-31) 

This is an infinite series. If the B and A coefficients progressively 
decrease in value to a sufficient degree, the series may converge and repre- 
sent f(t). This occurs in practical cases of voltages and currents. If the 
convergence is rapid enough, the first few cosine and sine terms may afford 
a satisfactory approximation to the function f(t). 

If the function is known, the values of the B’s and A’ s can be deter- 
mined. For example, we can find B 0 by multiplying both members of 
Eq. (6-31) by dut and integrating from 0 to 2? r. Since the algebraic area 
under a sine or cosine wave over any number of complete cycles is zero, 
we obtain 

1 P* 

Bo = ~ j fit) dut (6-32) 

In other words, Bo is the average value of fit) over one cycle. 

Any coefficient B n can be obtained by multiplying both members of 
Eq. (6-31) by cos nut dut and integrating between the limits 0 and 2tt. 
All integrals on the right equal zero except the one involving B ny and thus 
we determine the value 

q P* 

B n — — / fit) cos nut dut (6-33) 

Ztt Jo 

By multiplying both members of Eq. (6-31) by sin nut dut and proceeding 
as above, we obtain 

2 p* 

A n = - £ =r M sin no) t dut (6-34) 

2t Jo 

If the waveform of fit) has symmetry about the t = 0 axis, all A n values 
will be zero. Hence in choosing the position of the origin, it often pays 
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to try to arrange this symmetry. A waveform with symmetry about the 
origin itself has all B n values equal to zero. 

6-17. Graphical Harmonic Analysis of Plate Current. 4 Figures 6-10 
and 6-11 show that when a sinusoidal waveform of voltage is applied to 
the grid, the waveform of the plate current or of the plate voltage may be 
nonsinusoidal. It is often desirable to make a graphical analysis of a 
nonsinusoidal waveform to determine its components. The analysis 
depends upon being able to pick numerical values from a drawing of the 

waveform or from a path of opera- 
tion (load line) on the tube charac- 
teristics. Since the path of opera- 
tion is easily drawn only in the case 
of resistive loads, it will be assumed 
in these analyses that the loads are 
of this character. Figure 6-26 
shows a current waveform similar 
to that of Fig. 6-11, along with the 
graph of grid voltage e g = E gm cos 
c ot, which will serve as a timing 
wave. An arbitrary scale of current 
has been adopted. The position of 
the i b axis is arbitrary, and in this 
case it is chosen to give symmetry 
about this axis. A F ourier analysis 
can then be made in terms of cosines only and will take the form of 

i b — Bo B i cos o)t B 2 cos 2a )t Bz cos 3o )t -j- • * * (6-35) 

where the B’s are undetermined constants with current labels. Inspec- 
tion of the waveform of Fig. 6-11 shows Bo, which is the average-current 
value, to be somewhat more than the T value. Since the waveform of i b 
more or less resembles that of e g , the value of B x relative to B 2 , Bz, etc., 
must be considerable. But because of the fact that the waveform is 
higher than its fundamental value on both the upper and lower lobes, the 
second-harmonic term is important. In general it will be found that the 
third-harmonic term is small for triode amplifiers operated class Ai. As 
a convenient approximation therefore, this analysis will be made by 
assuming a simplified form: 

'lb — Iba | I pirn cos at j Ip 2 m cos 2cot (6— 36) 

This identity contains three undetermined current values, which can be 
evaluated by properly choosing three points on the path of operation or 
on the i b waveform, the former being in general more convenient of 
application. For greatest accuracy these points should be taken at the 



Fig. 6-26. Waveform of plate current 
resulting in nonlinear distortion in a 
triode amplifier. 
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peak values of the component waves, and it seems fairly obvious that two 
of these occur at cot = 0 and k. As it is also of some advantage to choose 
points at equal grid-voltage intervals, o ot = t/2 is taken as the third value. 
The following pairs of values are thus obtained: ut = 0, 4 = 4 max ; cd = 
7r/2, 4 = I bt ; a )t = 7 r, 4 = 4 m5n . Substituting these in order into the 
identity (6-36) yields 

= Iba “l" I P\ m I p 2 m (6”37) 

Ibt ~ Iba I p 2 m (6~38) 

4 in in = Iba I T~ I p 2 m (6“39) 


These equations when solved give 
Iba 


Ipim 


I p J 771 


^&max 

+ ibm in + %ht 

(6-40) 


4 


^&min 

(6-41) 


2 

^>max 

~ 4m in 21 b t (4max Ibt) ( Ibt 4min) 

(6-42) 


4 4 


The second form of Eq. (6-42) provides an easy graphical test for 
second-harmonic distortion. 4 max — I b t and I bt — 4 miD are vertically 
measured distances along an 4 axis, but their ratio is the same as for 
corresponding distances measured along the load line. Thus, considering 
the two parts of the load line (Fig. 6-10) above and below the T point and 
extending to the limits of operation, it is the difference in their lengths 
which measures distortion. If they are equal, the second-harmonic dis- 
tortion is zero. 

Subtracting I bt from both members of Eq. (6-40) gives 

/ T 4max 4min ^ Ibt j /r» <o\ 

ba ~ Lbt = J — lp 2 m (b-4d) 

Since I ba — I b t is the d-c or zero-frequency component of the varying 
part of the plate current i P} it is often denoted as I Po . We may then state 
a convenient relation 

Ipo ~ I Pim (6-44) 

Equation (6-44) offers a laboratory method for approximately determin- 
ing the second-harmonic component of the plate current for a triode. 
Since for a triode with fixed bias I bt = I b0 approximately, the difference 
between the no-signal value and the signal value of direct plate current 
is 7 Po . This is the peak value of the second-harmonic component of the 
plate current. 

Although the assumption of Eq. (6-36) led to formulas for current, it is 
possible to begin with a similar assumption for plate voltage and obtain 
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thereby formulas similar to (6-40) to (6-42) and (6-44) with current values 
changed to the corresponding voltage ones. 

As an example of the use of these formulas, values may be obtained 
from the drawing of Fig. 6-26. Here 4 max = 80 ma, I bt = 30 ma, 4 rain = 
2 ma. Then I Pim = (80 — 2)/2 = 39 ma, the peak value of i Pl , and 
I Po = Ivim = (80 + 2 — 2 X 30)/4 = 5.5 ma, the peak value of i P2 and 
also the average value of i p . The percentage of second-harmonic distor- 
tion is 100 I P2 m/I Pi m = 100 X 5.5/39 = 14.1 per cent. In Fig. 6-27 the 
components of i b have been sketched, and their sum yields approximately 
the same waveform as that of Fig. 6-26. If more harmonics had been 
calculated, the resemblance would have been closer, but the simple for- 
mulas of (6-40) to (6-42) are easily 
applied and are adequate for most 
cases of single-sided triode ampli- 
fiers operated class Ai. 

When triodes are used in ampli- 
fiers in which, for the sake of higher . 
efficiency, the operation is of a class 
other than Ai, or is push-pull, or in 

other circuits where nonlinear opera- 

w i tion is deliberately chosen in order 
to cause some useful effect, the 
formulas developed above are gener- 
ally inadequate. This is also true 
for pentode and beam-tube power 
Fig. 6-27. Composition of plate current amplifiers, even with class Ai opera- 
from its components. tion. Formulas have been devel- 

oped in a similar manner to that above and using a considerable number of 
points. Properly chosen, these give an adequate determination of the 
components of any cyclic waveform occurring in a vacuum-tube 
circuit. 

The general development of these formulas is outside the scope of this 
book, but as there is need for a set of them for use with certain applica- 
tions, one additional group will be developed. As the distortion in the 
cases of pentode and beam-tube class Ai amplifiers is small beyond the 
fourth harmonic, a useful set of formulas can be obtained by assuming 

'b b — — I b a | ~ I pyin COS "| " J. p 2 m COS 2cx)^ | T Pz m 3ct " j ' J. p^m COS 4ct)£ 

(6-45) 

and a timing wave of grid voltage, e g = E om cos o d, as before. Since the 
points where the peaks of the harmonics occur are not generally known, 
it is simpler to choose points at equal grid-voltage separation, as these can 
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often be made to lie on characteristic curves. For the required five 
points let us use 


0 )t = 0, 4 = 4 raa *, corresponding to = +E gm or = E ct + E gm 
ut = 4 = iy 1} corresponding to 

&g 4~ 2 Ejgm or € c — E ct 4- — E gm 

cot = 4 = ht, corresponding to e g = 0 or e c = E ct (6-46) 

27T 1 

o)t = 4 = m,, corresponding to e g = — or 

e c E c t ■ ~ E gm 

ut = tt, 4 = 4 minJ corresponding to = -E grn or e c = E ct - 
Substituting into Eq. (6-45) gives, respectively, 



I bo. 

+ 

I Pita 

+ 

/p 2 m 4” /p 3 m 4~ I Pirn 


Hi 

II 

ft 

+ 

0.5/ 

Pirn 

— 

0.5/ Pzm 

7 p 3 m 

0.51 j 

Ibi 

II 

ft 


/p 2 m 

+ 

/p 4 m 




/&a 

- 

0.5/ 

p x m 


0.5/ p^m. 

+ / p 3 m 

0.51 

4>min 

= /fea 

~ 

Ip x m 

+ 

/p 2 m /p 3 w 4“ /p 4 w 



These equations when solved yield 


iba 


+ 2i H + 2i~y 2 4~ 4 m h 
6 


r _ 4 raa x + iy* — M, — 4 m * u 

1 pyrn — ^ 


I Pi m 


4 max 4” 4mm 2/(; 


r _ 4 max 24 ^ 4~ 24_i ^ 4 m i n 

ip 3 m — 0 


/p 4 m 


4 max — 4q, + 6 /m — 4m, + 4 tl 
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(6-47) 

(6-48) 

(6-49) 

(6-50) 

(6-51) 


(6-52) 

(6-53) 

(6-54) 


(6-55) 


(6-56) 


The meaning of the symbols in these equations is given in (6-45) and 
(6-46). As in the case of the simpler formulas (6-40) to (6-42), each of 
these formulas above has a voltage paraphrase. The method of har- 
monic analysis by using a finite number of terms of a Fourier’s series is 
limited in its application to specific problems, since it is essentially 
numerical in its nature. For investigation of the general behavior of a 
circuit it is quite useless. 
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6-18. Determination of the T Point. 5 While rules have been devised 
for graphically determining the T point, it is sufficient to offer the method 
of repeated approximations. This method is outlined by the following 
procedure : 

1. Use the plate characteristics for the tube. After drawing the d-c- 
load line and the bias line, if needed, the Q point is determined. Using 
this as the first approximate T point, draw the a-c-load line. Using the 
known grid drive, calculate the average plate current ha [see formula 
(6-40) or (6-52)]. Plot this approximate A point on the d-c load line. 

2. If the tube operates with fixed bias, the new T point is on the e c = 
Eco curve. If, however, cathode bias is used, draw a horizontal line 
through A to intersect the grid-bias line, thus determining the new bias 
value E ct . Sketch in the curve of % vs. for e c = E e t • The new T point 
is on this curve. 

3. Through A draw a line parallel to the original a-c-load line. This 
is the new a-c-load line, and its intersection with the characteristic curve 
for e c = Eco (or E ct for cathode bias) is the second approximation to the 
T point. 

4. The value obtained for Iba by the procedure of (1) is probably incor- 
rect, as it was assumed that Q determined the time axis for this calcula- 
tion. Therefore, using the new T point obtained in step 3, one should 
recalculate ha and determine improved values for A', E c /, and T' . This 
procedure may be repeated to obtain A", E c t", and T", and so on, until 
two successive sets of values are practically alike. 

5. The process can often be shortened by guessing the A value, graph- 
ically finding T, and determining A'. If A and A' agree, the guess is 
correct. 

6-19. Series Expansion of Plate Current. 8 For the determination of 
the general behavior of a circuit a method involving symbols for the cir- 
cuit parameters is needed. The linear-equivalent-circuit theorem is one 
of these, but its application is limited to cases of linear operation, as was 
discussed in Art. 6-15. The student of calculus, familiar with infinite 
series, can probably readily perceive that the total differential of Eq. 
(6-21) used in the derivation of this theorem represents the results of 
using only the terms involving first derivatives in the Taylor-series expan- 
sion of the plate current. Under conditions which make the linear- 
equivalent-circuit theorem give very poor approximations it is possible 
to obtain much better results if a few more terms of the series expansion 
are used. Since the algebra involved in the derivation of a usable form 
of the series is rather complicated, it seems best to omit it from this book 
and to give only the beginning and the results of the process. 

We may begin by assuming % = /(e&,e c ) to be the equation of a family 
of characteristic curves for a vacuum tube operated with negative grid in 
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a circuit with a plate load. Also we may assume that the variable plate 
current can be expanded into an infinite series of the form 


where 



(6-57) 

(6-58) 


and the a’s are unknown coefficients involving the tube and circuit param- 
eters. v p represents a signal voltage introduced into the plate circuit. 
For this simplified case it must furthermore be stated that the load is a 
pure resistance R L and that n is a constant; otherwise the a’s depend upon 
frequency, and e has a more complicated form. After considerable 
manipulation the following values of the a’s are determined: 



(6-59) 

(6-60) 

(6-61) 


In these formulas the values of m, and the derivatives are to be deter- 
mined at the operating point T. The value of dr p /de b may be found by 
first plotting vs. e b the values of r p obtained along the tube’s plate- 
characteristic curve through T> with e c held constant at the E ct value. 
Then dr p /de b is the slope of this curve at the T point. Similarly the sec- 
ond derivative can be determined by plotting vs. e b values of dr p /de b 
obtained at several points on the curve plotted above. The second 
derivative desired is the slope of this curve at the point corresponding to 
T . The accuracy obtainable by this process, of course, rapidly diminishes 
as the order of the derivative rises. The usefulness of the series expan- 
sion appears in problems of general circuit analysis rather than in numer- 
ical ones. 

A more general form of the series expansion in which the value of m is 
not assumed to be constant, and in which the load may be reactive, has 
been made, but the discussion or inclusion of this form is outside the 
scope of this book. More complications resulting from grid-current flow 
through a grid-circuit impedance or from the application of varying volt- 
ages to more elements than the control grid and the plate of a multigrid 
tube can be conceived, and some of these have been treated elsewhere . 5 - 6 
In the case of the pentode, under ordinary conditions of operation, the 
screen and the suppressor are at constant direct potential, and therefore 
the series derived for the triode suffices. 
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6-20. Distortion in Vacuum-tube Circuits. It is usually, though not 
always, desirable that the waveform of output current or voltage from a 
vacuum-tube circuit be a faithful reproduction of that of the input volt- 
age. In previous articles it is shown that the nonlinear behavior of a 
vacuum tube results in the formation of harmonics in the plate current 
which were not present in the grid voltage. This is called harmonic or 
nonlinear distortion and is a form of amplitude distortion because its 
amount depends upon the amplitude of the grid voltage. It occurs 
whenever the parameters of a circuit are not constant with changing 
electrode voltages. This effect occurs not only in vacuum tubes but also 
in a similar way in devices having magnetic cores, because of nonlinearity 
of the B-H characteristic, and also in arcs, in electric lamps, varistors, 
and many other devices. Often the effect is useful ; sometimes it is to be 
avoided. 

Other important types of distortion occur in circuits where inductors 
or capacitors are used, either deliberately or inadvertently as in the wiring 
or between elements of the tube. The first of these is called frequency 
distortion and is the variation in amplitude of the output current or volt- 
age as the frequency only of the input voltage is varied. Since most sig- 
nals applied to the grid of a tube contain many frequency components, 
there will be a change in waveform between input and output because of 
this type of distortion. The effect can be minimized by proper choice of 
circuit elements and almost eliminated by using only resistors as circuit 
components. At high frequencies the ever-present tube and residual wir- 
ing capacitances still affect the circuit, of course, and at ultrahigh fre- 
quencies transit time for electrons in the tube causes frequency distortion. 
Also at high frequencies even a short length of wire has considerable 
inductive reactance. 

Whenever the phase of the output voltage or current is shifted relative 
to the phase of the input voltage, there is said to be a time delay in the 
circuit. In order to keep the time delay independent of frequency, it is 
necessary that the phase shift be proportional to frequency (see Art. 7-18). 
If this is not so, then phase distortion results. This type of distortion, 
while not of great importance in ordinary a-f apparatus, is very undesir- 
able in television circuits and in amplifiers of electronic switches and 
cathode-ray oscilloscopes. It usually occurs simultaneously with the 
amplitude-frequency distortion mentioned above. 

A fourth form of distortion is called intermodulation distortion. It is 
related to the harmonic-production process and results from the same 
cause, viz., the nonlinear character of the circuit or tube. It is the pro- 
duction of frequencies in the output which are the sum and differences of 
the signal frequencies and their harmonics. This effect occurs whenever 
two or more frequencies are present in the input voltage and the tube 
obeys a nonlinear law. 
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An example will suffice to explain this action. Suppose a tube obeys a 
quadratic law so that i p may be expressed as the first two terms of the 
series expansion of Eq. (6-57): i p = a x e + a 2 e 2 . The tube is used in a 
simple amplifier circuit, and the voltage applied to the grid is e g = 4 
sin 1002 + 6 sin 2502. Since v p = 0, e has the value e g and therefore the 
variable plate current is i p = ai(4 sin 1002 + 6 sin 2502) + a 2 (4 sin 1002 
+ 6 sin 2502) 2 , where cn and a 2 are constants which depend upon tube and 
circuit parameters. We may expand to obtain 

i p = Oi(4 sin 1002 + 6 sin 2502) + a 2 (16 sin 2 1002 + 48 sin 1002 sin 2502 
+ 36 sin 2 250 2) = «i(4 sin 1002 + 6 sin 2502) + a 2 (8 — 8 cos 2002 
- 24 cos 3502 + 24 cos 1502 + 18 - 18 cos 5002) = 26a 2 
+ 4a i sin 1002 + 6a i sin 2502 — 8a 2 cos 200 2 — 18a 2 cos 5002 

— 24a 2 cos 3502 + 24a 2 cos 1502 

The term 26a 2 represents I Po , the approximate increase in direct current 
caused by the application of the signal to the grid. 4ai sin 1002 and 
6a i sin 2502 are the fundamental components, having the same frequen- 
cies as the input voltage. 8a 2 cos 2002 and 18a 2 cos 5002 are the second- 
harmonic-distortion terms in the output. 24a 2 cos 3502 and 24a 2 cos 1502 
are intermodulation products. It will be observed that their angular fre- 
quencies are the sum and the difference, respectively, of the input fre- 
quencies. Both the harmonic and the intermodulation products con- 
tain the coefficient a 2 , which is given a meaning by Eq. (6-60) : 

_ dr p 

“ 2 “ 2 (r, + Rl) 3 de„ 

The coefficient a 2 and the distortion products can be made small if dr p /de b 
is small, i.e., if the characteristic curve for e c = E ct is nearly straight near 
T . This can be controlled by choice of the operating point. Also it is 
seen that distortion is reduced if R L is made large compared with r v . 

In the amplification of sound, harmonic distortion, while detracting 
from the fidelity of reproduction, does not result in the production of very 
objectionable sounds, whereas the intermodulation products may detract 
considerably from the pleasure of hearing. Since both types of 
distortion occur together, any measure taken to lessen one will also 
decrease the other. It should also be noted that since this intermodula- 
tion process can produce frequencies nonharmonically related to those 
originally present in the signal, it will prove to be a very valuable one in 
some applications. 
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PROBLEMS AND QUESTIONS 

Characteristic curves for several types of tubes are contained in Appendix A. 

1. See Fig. 6-28. (a) Draw the d-c-load line, ( b ) Determine Ebo, ho, E c0 . (c) 

Draw the a-c-load line. 



2. See Fig. 6-29. Assume the transformer winding resistances are zero. ( a ) 
Draw the d-c-load line, and locate Q. ( b ) Draw the a-c-load line. 

3. See Fig. 6-30. Draw the d-c-load line, the bias line, and the a-c-load line. 



4. In Prob. 2 assume e Q = 8 sin vt and the T point is Q. Tabulate the values of % 
and of ei for values of a it at 30° intervals, 0 to 360°. Plot the waveforms of e g , i b , and 
e b on the same set of coordinate axes. 
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5. Two boxes containing storage batteries and series resistors are connected as 
shown in Fig. 6-31. The d-c ammeter and voltmeter have their polarities indicated. 
Both meters read upscale. Which box supplies power, and which receives power? 






t 



7 

Box A 


Box B 



Fig. 6-31. 


6. One of the two boxes in Fig. 6-32a is an a-c generator. The other is a load. 
A is a very small resistance (compared with the load) used to obtain a voltage in phase 
with the current. The electronic switch is used to show simultaneously on the 
cathode-ray oscilloscope the waveforms and phase relations for the two voltages 
applied between the G and A and the G and B terminals of the switch. The picture 
on the cathode-ray oscilloscope screen is shown in Fig. 6-32 b. Which of the boxes is 
the load? 




7. See Fig. 6-33. (a) Solve for the current I, using Thevenin’s theorem. (&) Use 

Norton’s theorem to find 7. 



Fig. 6-34. 



8. Compute the galvanometer current in the Wheatstone-bridge circuit of Fig. 
6-34. Hint: Consider A and B as terminals and the 200-ohm galvanometer as the 
load. Use Thevenin’s theorem. 
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9. A certain vacuum-tube circuit is similar to that of Fig. 6-18 except that the 
plate circuit contains in addition a generator of voltage v p with positive sense toward 
the plate. Determine (a) the revised form of Eq. (6-29) , (6) the revised form of 
Eq. (6-30). 

10. For the tube of Fig. 6-35 ^ = 20, r p = 10,000 ohms. The grid signal is E ff = 0.1 
+ j0 volts at a frequency of 1000 cps. (a) Draw Thevenin’s equivalent plate 



Fig. 6-35. 

circuit labeled with Z^, r p , E ff , fiE g , I p , E*, E p and applicable sense markings, (b) Com- 
pute the values of I p , E z , and E p . 

11. Draw Norton’s equivalent plate circuit for the amplifier of Prob. 10. Label 
with Z L , r Pl gm E 0 , E z , E p , I p , and applicable sense markings. Solve for E p if E ff =0.1 
+ jO volts. 

12. In Fig. 6-36, = 20, r p = 10,000 ohms, Rb = 5000 ohms, R k = 1000 ohms, 

(a) Draw Thevenin’s equivalent plate circuit. ( b ) Solve for I p if V, = 0.5 + j0 volts. 





Fig. 6-36, Fig. 6-37. 
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13 . For each circuit in Fig. 6-37, p = 20, r v = 10,000 ohms, V ? = 2/(F volts, 
V = 1/0^ volt, and operation is linear. For each circuit (a) draw and label Thevenin’s 
equivalent plate circuit, ( b ) determine I p , ( c ) determine the impedance Z seen by the 
generator V (consider the generator V g shorted when computing this impedance). 

14 . The plate current for a certain diode consists of a succession of half sinusoids, 
as shown in Fig. 6-38. Determine the first four terms of the Fourier series for this 
waveform (a) if the origin is at A , ( b ) if the origin is at B . Hint: Replace cot by cot' 
— 90° in the series for (a). 




Fig. 6-38. 


Fig. 6-39. 


15 . Figure 6-39 shows the waveform for the current from a full-wave rectifier as a 
succession of half sinusoids. Determine the first four terms of its Fourier-scries 
expansion. 

16 . Determine the numerical values of Iba, l Plt Ip 2 , and I Pa , and the per cent of 
second-harmonic distortion for the 6J5 tube and circuit used in Probs. 2 and 4. 

17 . Determine the per cent of third-harmonic distortion for the circuit and opera- 
tion of Prob. 4. Compared with the second-harmonic distortion determined in 
Prob. 16, is the amount of third-harmonic distortion appreciable? 

18. Figure 6-40 shows the waveform for a certain plate current. Find the numerical 
values of ht, ha, I P0 , I P \, and / P3 . 


C large 




19 . In Fig. 6-41, v g = 8 sin cot. Find the dynamic operating point T. Does the 
T point shift greatly from the Q point in this case? 

20. In the operating region for a certain triode the plate characteristics are straight, 
and p is constant. Signals are applied to both grid and plate circuits. The plate 
load is a pure resistance, (a) Write the Taylor-series expansion for the plate current 
i p , ( b ) Draw an equivalent circuit using the results of (a). Label all elements, (c) 
p = 20, r v = 10,000 ohms, and R L = 90,000 ohms. e g — 2 cos 2 ir X 10% and 
v p = 80 cos 2 ir X 10002 (volts). Find the value of e 8 = i p RL, and determine the fre- 
quencies present in e z . 

21 . In the operating region for a certain triode the plate characteristics are prac- 
tically parabolic so that 4 = 2 X 10~ 6 (et, -f 20e c ) 2 amp (e b and e c are in volts), 
Ebt = 200 volts, E c t = —8 volts, Rl = 93,750 ohms, (a) Find p, r p , and dr p /deb at 
T. ( b ) Write the Taylor-series expansion (e and e 2 terms) for i p . (c) If e g = 2 cos 
27 r X 10 ^ and v p = 80 cos 2t X lOOOf (volts), what is the expression for e s ? What 
frequencies are present in e z ? 
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22 . Two triodes are connected in cascade. Each tube operates in somewhat non- 
linear fashion and produces distortion in its output. Suppose this action causes the 
grid voltage for the second tube to be e g = 6 cos cot — 0.2 cos 2 cot volts. For the 
second tube assume R l = 12,000 ohms, Ebt — 156 volts, E ct = — 6 volts and the 
equation of the plate family to be 4 = 1.39 X 10~ 5 (e<> + 20e c ) 1 - 6 amp ( e<> and e c in 
volts). Determine (a) the equation for i p in terms of e g , ( b ) the equation for i p in 
terms of cot. ( c ) Isolate the terms representing generated second harmonic from those 
representing amplified second harmonic, and show that these tend to cancel. ( d ) 
Note the intermodulation-distortion terms. 

23 . The circuit of Fig. 6-42 can be used for measuring n for a vacuum tube. R i 
is adjusted until the 1000-cps tone cannot be heard in the phones, (a) Draw the 
linear equivalent circuit. (6) Find m in terms of R\ and f? 2 . 



pmw j 


IOOO cps 


Fig. 6-42. 



CHAPTER 7 


VOLTAGE AMPLIFIERS 


7-1. Classification of Voltage Amplifiers. The voltage produced by a 
pickup, an antenna, or one of many other devices is often so feeble that 
considerable amplification is necessary before it becomes great enough to 
drive the grid of a power tube or to operate some terminating device. 
Hence voltage amplifiers are of great importance. The tube used may 
be quite small, either a triode or a pentode, and usually its most important 
qualification should be a high value of /x. Since the purpose of a voltage 
amplifier is to reproduce the input waveform in magnified size and with 
no more distortion than necessary, class Ai operation is always used. 
This results in low harmonic distortion, and usually the linear equivalent 
circuit is quite satisfactory for determining the performance, although 
the method of Art. 6-16 may be employed if the amount of harmonic dis- 
tortion must be found. Amplitude-frequency and phase-frequency dis- 
tortion both become quite troublesome in many voltage-amplifier circuits. 
This distortion occurs because elements in the tube and circuit have 
impedance values which vary with frequency. 

Other further classification of voltage amplifiers is often desirable. A 
chemical-reaction-control process may produce a feeble direct voltage 
which varies very slowly with time. To amplify this voltage a direct- 
coupled amplifier is useful. This amplifier often will perform also on 
low- as well as higher-frequency alternating signals. Audio-frequency 
amplifiers must perform for frequencies over a quite wide range, the 
extreme case being, say, from 20 to 20,000 cps. Such an amplifier, for 
which the bandwidth is about twice the mean frequency value, is called 
a broad-band amplifier. An amplifier may operate in this same range 
but over only a narrow band, say around 1000 cps ; its operation would be 
classified as narrow band. In cathode-ray oscilloscopes amplifiers are 
needed which have a range of a few cycles per second to 100,000 cps or 
higher. These are called wide-band or video-frequency amplifiers, the 
latter name sometimes being used because the same general type is 
employed in television, where a range from about 30 cps upward to 
beyond 4 Me is needed. For the amplification of radio frequencies, it is 
usually desirable to have selective action to cause high amplification of 
wanted signals and rejection of unwanted ones. This calls for some 
variety of filtering device, tuned loads generally being employed. These 
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r-f amplifiers have high amplification over only a very narrow range and 
hence are narrow-band amplifiers. For example, the r-f amplifier in a 
broadcast radio receiver may be adjusted to receive a station with a car- 
rier at 890 kc and sidebands extending from 885 to 895 kc. The ratio of 
bandwidth to mean frequency is only 1 %9o, or 0.0112. Some amplifiers 
of this kind operate on a fixed band and are called intermediate-frequency 
(i-f) amplifiers. The center of this band may be placed as low as 75 kc 
or as high as several megacycles. For a-m broadcast use, the ordinary 
value is 456 kc. For f-m broadcast receivers, 4.3 and 10.7 Me are in com- 
mon use at the present time. 

7-2. A Simple Single-stage Amplifier with a Plate Load. A simple 
amplifier with the signal applied between the grid and ground and with a 

load in the plate-to-ground circuit appears 
in diagram form in Fig. 7-1. The tube, of 
course, may be a pentode instead of the 
triode shown. The desirable output may 
be voltage, current, or power. In ampli- 
fiers with a-c signals applied, usually only 
the alternating component of the output is 
of interest. In this case the output voltage 
E 0 is considered to be E p rather than E b . 
The positive sense of E p is preferable to 
that of E z because E 0 so often serves as V ff 
for a following stage, and the senses then 
agree without any change in sign. 

Before continuing it might be well to mention that the signal voltage 
can be applied to other circuits instead of between the No. 1 grid and 
ground, and also the useful output may be taken from the circuit of an 
element other than the plate. Some of these other possible arrangements 
will be discussed later, as they have some interesting and desirable 
features. 

Returning to the discussion of the circuit of Fig. 7-1, an approximate 
analysis may be made, using the equivalent linear circuit. This method 
gives quite reliable results provided the quiescent operating point has 
been chosen in a linear region of the tube characteristics, so that if the 
grid-driving voltage is small, the tube parameters do not vary appreciably 
from their quiescent values. Figure 7-2 shows two forms of the equiv- 
alent circuit for low frequencies. 

The voltage amplification A of an amplifier is defined as the ratio of the 
output voltage to the input voltage. For the circuit of Fig. 7-2 a 



Fig. 7-1. A grounded-cathode 
grid-driven plate-loaded ampli- 
fier. 





VOLTAGE AMPLIFIERS 


157 


Hence 


E„ — E p — 


A ~ V ~ 


This can be written also as 


r p + Zl 

(7-2) 

V>Z L 

Tp + Zl 

(7-3) 

£1? 

1! 

1 

? 

CSJ 

s* 

(7-4) 

s r p in parallel with Z L . 

Formula 



r P Z L 

'p + %L 


(7-4), which also follows directly from the circuit of Fig. 7-26, is an impor- 
tant one which is useful for many 
forms of amplifiers which are classi- f — — ? p 

fied under the title of Fig. 7-1. 

7-3. The Single-stage Amplifier j 
at Higher Frequencies. As the fre- J 
quency of the signal V g is increased, y ' 
the amplification decreases from the 
value for low frequencies. This is 
because of the effect in the circuit 
of various capacitances, whose k 

reactances decrease with frequency. 

This effect will now be studied. — — 

Figure 7-3a shows the equivalent l p 

circuit for this amplifier at higher 

frequencies, not including those > r~| 

which are very high where lead < r P l E 0 -E p 

inductances and the transit time of 
the electron in the tube become 9m E y = 9 n^g 

important. C g k , C gp , and C pk are - —^ 7 * - - + 7 0 

interelectrode capacitances for a ^ Z sh 

triode. For a given tube their Fig. 7 - 2 . Low-frequency equivalent cir- 
values may be ascertained from cuits. 
a tube manual. For a pentode, 

C gk should be replaced by C in , which is the lumped value of C g u + 
C g i g 2 + Cgigz, since the screen and suppressor are at the same alternating 
potential as the cathode. Likewise C pk must be replaced by C out , repre- 
senting C pk + C g2 p + Cgz p . Otherwise the circuits are alike for both 
triodes and pentodes. C w represents the capacitance to ground of the 
wiring and circuit elements which are at the alternating potential of the 
plate. For class Ai operation there is no appreciable grid conduction 
current through the tube, and therefore l g is mostly displacement current 
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through Cgk and C gp . Since V ff represents the voltage delivered by the 
source to the position shown, usually it is not necessary to concern our- 
selves with the effect of I g and Z c , the impedance of the source.* This 
effect is mostly the concern of the device preceding our amplifier, which 
must furnish the voltage Y g . 

The circuit of Fig. 7-3<z appears fairly complicated in this form, and so it 
may be changed to Norton’s form. A short placed across xx gives a 



(c) 


Fig. 7-3. (a) High-frequency equivalent circuit, (b) Open-circuit impedance to the 
left of xx. (c) Norton’s form of (a). 

short-circuit current of iN g /r p — Y gp V g , flowing with positive sense 
upward in the shorting wire. Y gp is the admittance of C gp . With short 
and load removed, the open-circuit impedance looking toward the input 
from xx is shown in Fig. 7-3 b. If Z c has a high value (the output imped- 
ance of a pentode is an example), the open-circuit impedance is r p in par- 

* In some circuits self-generated oscillations may occur, dependent upon the char- 
acters of Z c and of Zj&. For an example refer to the tuned-plate tuned-grid oscillator 
described in Art, 11-4, 
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allel with an impedance which is approximately that of a capacitor some- 
what smaller than C gp . If Z c has a low value (as in the case of the output 
impedance of a medium-^ triode), r v is practically shunted by C gp . To 
estimate the maximum effect, C gp may be used as a shunt on r p as shown in 
Fig. 7-3c. In applications, some judgment should be employed as to 
whether this maximum or a lesser quantity is the correct value. > 

Let Z 8 h(= 1/Y a *) represent the entire impedance shunted across the 
output. Then 

Eo = E p = Y g (g m Y gp )Z S h (7-5) 

and 


Ahigh ($m Y gp )Z 8 h 


(7-6) 


Some idea of the importance of the term Y gp in the factor g m — Y gp may 
be gained by computing values for a 6J5 tube at 10 Me. Here, approx- 
imate values are g m = 2600 micromhos, C gp = 3.4 ufA. Hence g m — Y gp 
= 2600 X 10~ 6 - j2ir X 10 7 X 3.4 X lO' 12 = (2600 - ^214) X 10~ 6 mho 
= 2610 X 10~ 6 / — 5° mho. For a pentode 6SJ7 under the usual condi- 
tions, approximate values are g m = 1650 micromhos, C gp = 0.005 ju/xf; 
hence g m - Y gp = 1650 X lO' 6 - j2ir X 10 7 X 0.005 X 10~ 12 = (1650 
— j0.31)10 -6 mho « 1650 X 10~ 6 / 0° m ho. From this discussion it is seen 
that even for a triode the term Y gp may often be omitted except perhaps 
for frequencies considerably exceeding lOMc. Thus formula (7-6) sim- 
plifies to 


Ahigh gniZ& 


Y ek 


(7-7) 


which is the same form as for low frequencies. However, here Z 8h for a 
triode includes Z Lj r p , C pk} C w , and C gp in parallel. In the case of pen- 
todes Z sh becomes Z L , r p , C out , and C w in parallel, since C gp is very small. 
As the frequency of the signal increases, the reactances of these capaci- 
tances decrease, Z sh changes in value, .and hence A decreases in magnitude 
and shifts its phase angle. 

7-4. The Output Impedance of a Simple Amplifier. For various rea- 
sons it is sometimes important to determine the output impedance of an 
amplifier. The output impedance of a voltage-producing device is 
defined here as the rate of change of output voltage with respect to output 
current. These changes are produced by a change in load. For the sim- 
ple Thevenin’s circuit of Fig. 7-4a we can write E + E 0 — IZ oc = 0, and 
if E and Z oc are constants, dE 0 /dl = Z QC . Thus the output impedance in 
this case is equal to the open-circuit impedance used with Thevenin’s 
equivalent circuit. There are other ways by which it can be determined, 
but in many cases this method is the easiest. 
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For the simple amplifier of Fig. 7-1, a value of the output impedance 
can be readily obtained by finding Thevenin’s equivalent of Fig. 7-3e. 
This is shown in Fig. 7-46. It follows that Z out is equal to Z sft . It should 
be noted that this value is not the only one which can be named. For 
example, if the terminals for viewing Z out are moved to the left of Z L , then 

Z out will not include Z L . Hence a 
knowledge of the terminal position 
is necessary when one makes a 
computation of Z out . 

7-5. The Input Impedance to a 
Simple Amplifier. The impedance 
looking into the input of an ampli- 
fier is not infinite. If the operation 
is class 2, there is conduction current 
between grid and cathode during 
part of the cycle of grid voltage, and 
even for a class 1 amplifier there is 
some displacement current through 
the interelectrode capacitances, 
particularly at high frequencies. 
The resulting input impedance will 
be an additional shunt on any 
amplifier or other device used to furnish the input signal. Because it is a 
shunt load, it is usual to determine the input admittance Y g , defined as 
I g/Vg (see Fig. 7-3a) rather than a value of Z g . 

The input admittance Y g of the simple amplifier can be determined by 
referring to Fig. 7-3a. 



(a) 



(b) 

Fig. 7-4. Circuits for the determination 
of the output impedance. 


and 

Therefore 

and 


y 1(7 II + ^2 

1 8 y ~ y g 

h = (V, - E 0 )j»C gp = (V, - A N g )juC 0P 

I2 = Y g jcoC g k 

l g = V g ju[C gk + (1 - A )C gp ] 

Y , = MC ok + (1 - A )C gp ] 


(7-8) 

(7-9) 

(7-10) 

(7-11) 

(7-12) 


For a pentode C gk is replaced by G in . For most pentodes C gp is so small 
in value that (1 — k)C gp is negligible compared with C in ; hence for a 
pentode 

Yg « jo)C iu 


(7-13) 
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In Eq. (7-12), A is in general a complex number so that Y 0 will have both 
real and imaginary components. Thus 

Y jB* (7-14) 

Two examples may be helpful. 

1. Suppose A = A/l80°, as for an amplifier with Z 8h a pure resistance. 
ThenY e = ju\C gk + (1 + A)C g% J andGp =0 ,B g = — oi[C gk -\- (1 + A)C g ^[. 
The quantity C Qk + (l+A)C 0P is the input capacitance C g . For a tri- 
ode the contribution of C gp is much more than that of C gk . 

2. Suppose A = A /225° = A( -0.707 - jO.707), as for an amplifier 
with inductive Z s h . Then 

Y g = M C gk + (1 + 0.707 A + j0.707 A)C gp ] = -<o0.707 AC gp 

+ MC gk + (1 + 0.707A)C ffp ] 

Hence G g = -w0.707 AC gp and C g = C gk + (1 + 0.707 A)C gp . 

It is seen that, for purely resistive Z 8h , G g is zero and, for inductive Z sh) 
G g may be negative. It may be determined by trial that if Z sk is capac- 
itive, G g is positive. From the explanation of Art. 6-10, a negative value 
of G g means that energy is being fed into the grid circuit from the plate 
circuit. At high frequencies, G gy which increases with frequency, may 
become quite large. In parallel with other resistors in the plate circuit of 
the preceding tube the total G may become negative. In that case the 
second tube will supply some of its own grid excitation and oscillations 
will occur for some values of Z c . 

7-6. Amplification, Decibels, Gain. The voltage amplification A of 
an amplifier has been defined as the ratio of the output voltage to the 
input voltage. The amplification produced by a single stage is often not 
enough to raise the output voltage to the required level. In such a case 
the output of the first stage is fed into a second stage, and hence if neces- 
sary to a third stage, and so on, until the output level is satisfactory. 
The result is a cascade, or multistage, amplifier. If the input to the first 
stage is called Vi g , the output of this stage becomes the input V 2g for the 
second. Note that the numerical subscript preceding the letter subscript 
refers to the number of the stage and not to the number of the grid. Then 
for the first stage the definition for amplification becomes 

Ai = ^ (7-15) 

Vig and V 2{? are both complex quantities, and it follows that Ai is also a 
complex quantity. Its size A i is, of course, the magnitude of the amplifica- 
tion; its angle d 1A is the angle by which V 2g leads V iff . This phase shift is 

* This definition of admittance is from ASA Definitions of Electrical Terms, 



162 


ENGINEERING ELECTRONICS 


due partly to the action of elements in the circuit, but mostly to the choice 
of the sense of E p rather than that of E z as the sense for output voltage 
Eo. 

For two stages E 0 = V 2ff A 2 , and V 2fl = V l0 Ai; therefore E 0 = VipAiA*, 
and A = E 0 /V\ g = AiA 2 . Thus the amplification of a cascade amplifier 

is the product of the amplifications 
of the individual stages. 

When several stages are used, it 
is often convenient to use a method 
based upon that employed with 
communication networks for com- 
puting the loss or gain in power (see Fig. 7-5). For this purpose the 
decibel (db) is defined: 

No. db gain = 10 logi 0 ~ (7-16) 

R i 

the factor 10 being employed since the bel is too large a unit for convenient 
use. If the input and load impedances are R i and R 2 , respectively, 

No. db gain = 10 log = 10 log ( 7 - 17 ) 

or if Ri = R 2) as is sometimes the case, 

No. db gain = 20 log ^ = 20 log (7-18) 

1 1 & i 

These formulas (7-16) to (7-18) all measure power gain or loss. 

In voltage amplifiers power gain is seldom discussed as the grid usually 
takes negligible power. Hence the definitions above sometimes are not 
strictly applied. Instead, the requirement that R x — R 2 is dropped, and 

No. db voltage gain = 20 log-^ = 20 log A (7-19) 

Eii 

is used as a definition, the word “ voltage” being carefully inserted to 
avoid confusion. For a cascade amplifier this becomes 

No. db voltage gain = 20 log'AiA 2 A 3 • • • =20 log A i + 20 log A 2 

+ 20 log A 3 + ■ • • (7-20) 

Hence the decibel voltage gain of a multistage amplifier is the sum of the 
decibel voltage gains of the separate stages. It should be noted that in 
the above formulas only scalar values are used, as the inclusion of the 
angles without further definition would be meaningless. 

As the amplification A of an amplifier varies because of changing fre- 
quency, it is convenient to compare the amplification at one frequency 
with its value at another as a standard. This may be done by computing 
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the ratio AfjAf 0 , where /i refers to the frequency under consideration 
and /o to the standard frequency. The comparison may also be made 
using decibels. Since the A ’ s represent ratios of output voltage to input 
voltage, the definition involving voltages may be adapted to use. Thus 

No. db drop in voltage gain =?= 20 log ~° (7-21) 

As i 

The word “drop ” rather than “rise ” is used since the ratio of A 1 s has been 
inverted from its first expression above in order to avoid the necessity of 
determining the logarithm of a number less than unity. If A/ l exceeds 
Af a) the ratio in expression (7-21) may be inverted and the result called 
decibel rise in voltage gain. 

As an example, if the value of A at 100 cps is 70.7 per cent of its value at 
1000 cps, the drop in voltage gain is 20 log (1/0.707) = 20 log 1.414 = 20 
X 0.1505 « 3 db. 

The voltage output of pickups and microphones is often expressed in 
decibels. Thus a manufacturer’s catalogue may state that a certain 
microphone has an output of — 54 db, where 0 db = 1 volt, the load is 5 
megohms, and the sound pressure is 1 dyne per cm 2 . The actual voltage 
output under these conditions can be calculated as follows: 54 = 20 
log (1/E) or log (1/E) = 2.7, 1/E = 500, and E == 0.002 volt. 

The zero level is not always 1 volt for voltage decibels, nor is there a 
uniform standard for power use, 6 mw into a 500-ohm load being common 
but not universal in telephone practice. Unfortunately, many catalogues 
state the output of a device in 
decibels without any statement as 
to the standards used, and hence the 
information given is meaningless. 

If the output is high enough perhaps 
to overdrive the grid of an amplifier, 
it is best to state the output 
directly in volts. 

7-7. Methods of Coupling Multi- 
stage Amplifiers. A current % flows 
from plate to cathode in the first tube of, an amplifier, while no current 
flows from cathode to grid in the second tube. Hence, one cannot con- 
nect the grid of the second tube directly to the plate of the first tube, in 
the manner shown in Fig. 7-6, to obtain satisfactory operation. Insertion 
of a suitable coupling network between the two tubes is necessary. One 
type sometimes employed is so-called direct coupling, produced by insert- 
ing a resistor between A and B in the circuit of Fig. 7-6. Other types are 
called resistance-capacitance coupling, untuned-transformer coupling, 
impedance coupling, and tuned-transformer coupling. The type of cou- 
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pling used depends upon the requirements of the amplifier. A discussion 
of each of these follows. 

7-8. Direct-coupled Amplifiers. 1,2 The purpose of direct coupling is 
to eliminate the capacitors, inductors, and transformers used in other 
types. These cause a loss in amplification at low frequencies and fail to 
give any response at all to direct voltages. Many circuits employing 
direct coupling have been devised. Some use several batteries, but this 
practice is generally undesirable. 

The type of circuit shown in Fig. 7-7 was devised by Loftin and White. 
A rectifier type of power supply can be used instead of the battery, if 



Fig. 7-7. A Loftin- White direct-coupled amplifier. 


desired. The manner in which the resistor values are chosen, as well as 
the general action of the circuit, can be seen from the following example. 

In Fig. 7-7 suppose that the tubes are type 6J5 and that R\ L is 100,000 
ohms and R 2L is 10,000 ohms. Assume that the values of E bo = 90 volts, 
E co = — 3 volts determine a suitable operating point for each tube. 
Measurements taken on a vacuum-tube bridge with this operating point 
yield I bo = 1 ma, r p = 16,000 ohms, and /x = 19.3. Point A may be 
labeled 0 volt, and under quiescent conditions point B will be at +3 volts 
potential and pi will be at a potential of +93 volts. The voltage drop in 
R 1l is 0.001 X 100,000 = 100 volts, making point C at a potential 100 + 
93 = 193 volts above that at point A. The point g 2 is at a potential of 
+93 volts; therefore D should be at 93 + 3 = +96 volts. p 2 has a 
potential of 96 + 90 = 186 volts, and the drop in R 2L being 0.001 X 
10,000 = 10 volts, the potential at E should be 186 + 10 = 196 volts, 
the voltage required for EW 

For this problem the load will be considered to be a relay with 10,000 
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ohms resistance. The power-circuit contacts of the relay will be con- 
sidered normally open and will close with a minimum current flow of 1.2 
ma through the relay coil. Thus under quiescent conditions the relay 
contacts are open. 

It is generally desirable to make the resistance of the bleeders R h E 2 , 
etc., low enough so that changes in current through the tubes and these 
resistors due to the applied signal will change the potentials at points A , 
B, C, etc., by only a small percentage. For this reason it is assumed that 
these resistors have no effect on the operation of this circuit. 

One may next draw Fig. 7-8, the linear equivalent circuit for the two- 
stage amplifier. Recalling that i p = A i h , e g = Ae c , and e v — Ae b as def- 
initions, one may replace the usual quantities and label the circuit with 



Fig. 7-8. An equivalent circuit useful for a two-stage amplifier handling slow grid- 
voltage changes. 


the incremental ones, giving an equivalent circuit useful for small changes 
in voltage and current. It follows that 


Aei b — —AiibRiL 


pRlL A Q\ c 
T p T" R\L 


and 



jlE.L 

Tp +■ R\l 


Hence the value of A ! is -19.3 X 100,000/(16,000 + 100,000) = -16.6. 
Likewise A 2 = — ^R 2 l/{t p + R^l) — —19.3 X 10,000/(16,000 + 10,000) 
= -7.4. Hence, A = AjA 2 = -16.6 X -7.4 - +123. 

The least value of A required to cause the relay contacts to close is 
+0.2 ma, which requires a value of A e 2 b of —0.2 X 10 -3 X 10,000 = —2 
volts. The necessary value of input voltage Ae ic is — %23 — —0.016 volt 
or — 16 mv. If this voltage is not available, a third stage may be added 
or perhaps tubes having a higher ji might be used. The negative value of 
Ae u obtained means that the input device must be connected to give a 
polarity opposite to that marked for the sense of Ae Xc in Fig. 7-8 above. 

When direct-coupled amplifiers are used with 1-f alternating- voltage 
signals, their operation should be quite satisfactory. But if the input is 
a low direct voltage, many factors contribute to make them troublesome. 

1. The values of Ebb and E cc must be maintained constant, either with 
batteries or with voltage-regulated power supplies. Otherwise the oper- 
ating voltages and currents for the tubes will change. It is particularly 
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important to maintain the grid bias for the first tube constant, as any 
variation there is as potent as a signal of the same amount. 

2. The initial velocity of electrons leaving the cathode has the same 
effect as the insertion of a small battery in the cathode lead, with the 
initial velocity assumed to be zero. If the heater voltage varies even 
slightly, the equivalent battery voltage changes the grid-to-cathode bias 
and hence the plate current. Thus the heater voltage must be main- 
tained constant. In some amplifiers filament-type tubes are employed, 
and the current through the bleeder of the regulated plate-voltage supply 
also heats the filaments. 

3. Grid current flowing through the impedance of the external grid cir- 
cuit of the first tube causes a voltage drop which masks the desired input 
signal. This grid current is caused by one or more of several factors. 
High-initial- velocity electrons may strike even a negatively biased grid. 
A hot grid may emit because of cathode-emitting material sputtered on it 
during manufacture. Since even the most thoroughly evacuated tube 
contains some residual gas, positive ions may be present, which are 
attracted to the grid and may even knock secondary electrons from that 
electrode. There are more or less effective preventatives for grid current. 
Operation with low heater voltage reduces the initial velocities of the 
electrons, and the use of low plate voltages reduces the danger of ioniza- 
tion of residual gas. Careful manufacture to avoid sputtering of the grid 
and to reduce residual gas also helps. 

4. The emission of coated and thoriated cathodes is not uniform over 
the cathode surface and varies slowly with time at any one spot. Because 

the grid wires produce a nonuniform 
field at the cathode surface, there is 
a resultant small effect on the space 
current. For amplifiers with input 
voltage of very low level this is 
probably the most serious difficulty 
in direct-coupled amplifier design. 

Balanced circuits are used with 
some success to cancel the effects of 
these random fluctuations. Figure 
7 -9 shows one stage of such an ampli- 
fier circuit. If an initial adjustment is made so that no voltage output 
is obtained with zero signal, then variations of cathode temperature or 
electrode-supply voltages have no effect providing the tubes behave iden- 
tically. Practically, it is impossible perfectly to match the tubes so that 
their coefficients are identical, and hence complete cancellation of errors 
does not occur. Also the effect under item 4 is not helped by the method. 

If possible it is probably better to avoid having to amplify a small direct 
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Fig. 7-9. A balanced voltage amplifier. 
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voltage. Sometimes a vibrator-type switch may be used to break up a 
direct voltage, and the pulsating voltage obtained may be amplified with 
an ordinary a-c amplifier, which is relatively trouble free. Following this, 
the output may be rectified if desired. 

7-9. Resistance -capacitance -coupled Amplifiers. The circuit dia- 
gram for two stages of an E-C-coupled amplifier using triodes is shown in 
Fig. 7-10, while one employing pentodes is shown in Fig. 7-11. Except 
for the voltage-dropping resistors and the bypass capacitors in the screen- 
grid circuits, the arrangements are identical. 


C 




The capacitor C serves to prevent the high direct potential on the plate 
from being applied to the following grid and helps to block slow variations 
of voltage across R b from passing on through the amplifier; yet it allows 
the higher-frequency signal to be amplified by the next stage. 

R g serves two or more purposes. It allows the grid to be at ground 
potential for direct currents (if the grid conduction current is negligible), 
while the cathode has a positive bias to ground because of current flow 
through R k . Second, it permits C to charge as fast as slow variations in 
voltage across R b change the potential of its left plate. This causes the 
total voltage drop across R b , except the higher-frequency components due 
to the signal, to be established across C and none of it across R g . This is 
an advantage for purposes of stability, a disadvantage if the signal itself 
is of low frequency. Third, R k may be reduced in size or even omitted 
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and R a used to make a grid bias due to grid-current flow. Usually there 
is no advantage in doing this for an E-C-coupled amplifier, but the method 
is occasionally used. Under some circumstances it may be actually 
unsafe, since if grid current flows because of grid emission, it may give a 
positive bias instead of the negative one desired. 

In the pentode circuit the bias for the screen grid in this case is obtained 
from the plate-voltage supply. For voltage-amplifier pentodes the screen 
voltage desired is often about 100 volts, while the plate-supply voltage is 
perhaps 250 volts. Although a screen-power supply could be employed, 
this is generally uneconomical. Or a voltage divider across Ebb could be 
tapped at 100 volts. The series dropping resistor used is the ordinary 
method, however. Since the plate current is approximately proportional 



Fig. 7-12. Equivalent circuit for the entire frequency band. 


to the screen current, but larger, if the direct screen current can be main- 
tained constant, the direct plate current will remain approximately con- 
stant too, thus tending to keep the operating point of the tube from shift- 
ing. Any slow rise in screen current causes a corresponding drop in screen 
potential, which tends to prevent the current rise. Thus a series drop- 
ping resistor is a stabilizing element. It must always be bypassed by a 
capacitor of sufficient size to prevent appreciable signal-frequency varia- 
tion in the screen potential; otherwise the tube will perform somewhat 
like a triode. It is assumed in the amplifier circuit under discussion that 
Rd and C d have been properly chosen, and hence the screen grid is essen- 
tially at alternating ground potential. 

The bias for the control grid is usually obtained by using R k as shown. 
Besides being simple and cheap, the device is desirable from the stability 
standpoint, its action being similar to that of the screen-grid resistor for 
the pentode. Likewise C k needs to be of adequate size, or the potential 
of the cathode will vary relative to ground. While this variation is some- 
times desired, for the present it will be assumed that the cathode is at 
alternating ground potential. 

7-10. The Linear Equivalent Circuit for the fi?-C-coupled Amplifier. 

In order to study the performance of this amplifier, the linear equivalent 
circuit is first drawn in Fig. 7-12. Unlike the direct-coupled amplifier of 
Art. 7-8, which is designed particularly for low- or zero-frequency use. 
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this one fails at very low frequencies. Above these it operates over a 
wide band, and the capacitances between tube electrodes and between 
wiring and ground become important in the higher regions of this band. 
Tube capacitances are represented by C in , C gp , and C out . C in includes all 
capacitances between the control grid and tube elements which are at 
cathode potential. For a triode this is C gk . For a pentode C in = C g u + 
C g i 0 2 + C 0l g S , if the circuit is arranged in the manner of Fig. 7-11. C out 
is C P k for a triode and C pk + C g2p + C gZp for a pentode. Sinusoidal 
waveshape of applied voltage is assumed. Note that in this circuit is 
equal to V g . 

The box labeled Y 2g in the equivalent circuit represents the input shunt 
admittance to the next stage, if any (see Art. 7-5.). It is equivalent to a 
capacitor and a resistor in parallel. With the frequencies ordinarily 
used with E-C-coupled amplifiers of this type, the resistance is very high 



Fig, 7-13. Thevenin’s circuit for the mid- Fig. 7-14. Norton’s equivalent circuit for 
frequency range. the mid-frequency range. 


compared with the grid leak R g , and it may be either neglected or con- 
sidered to be combined with R g . 

While an analysis of this circuit can be made which is valid for all fre- 
quencies for which the circuit is useful, the labor is considerable and the 
results will be in a form not particularly simple. Rather, it is better to 
separate the frequency band formally into three ranges. The middle 
frequencies are those high enough so that there is no appreciable loss in 
voltage in C, but low enough so that the numerous shunt capacitances 
collectively have no appreciable effect. Such a range may not exist for a 
particular amplifier circuit, but it is quite possible to design amplifiers 
which have a wide mid-frequency range. The low range includes those 
frequencies for which the coupling capacitor C noticeably affects the cir- 
cuit performance. In the high range the shunt capacitors have low 
enough impedance so that the gain is no longer the same as in the mid- 
frequency range. 

7-11. Behavior of the Amplifier in the Mid-frequency Range. Omis- 
sion of the capacitors which are unimportant in this range yields the sim- 
plified drawing of Fig. 7-13. The grid circuit may be omitted if desired 
because the grid voltage equals Y lg , unaffected by any circuit components 
in this amplifier stage. Norton’s form is shown in Fig. 7-14. 
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Norton's form will be used in this analysis, it being the simpler of the 
two. Ohm's law yields 

— —gmVigRsh (7-22) 

or 

A m \d = = —g m Rnh (7-23) 

v 1 0 


where R sh is the equivalent of r p , R & and R g in parallel. Note that formula 
(7-4) applies here with Z sh = R S h . The frequency range over which this 
formula reliably represents the amplification is yet to be determined. 



Fig. 7-15. Theoretical curves showing how amplification varies in the mid-frequency 
range with the a-c load. 

It is well to investigate the implications of the simple formula (7-23). 
It may be written in other forms, 


A mid = ^ = —j ^ (7-24) 

\7 V + % + Rj rp V P + Rl) l + W L 

where R L is the total plate-circuit a-c load. For a given quiescent operat- 
ing point, /x and r v are determined, and it is assumed that they remain con- 
stant as the grid voltage moves the instantaneous point of operation up 
and down the a-c-load line. This is essentially true as long as the grid 
signal voltage is small. The value of R L may be varied, and of course 
A mi d varies with it. Figure 7-15 shows graphically the interdependence. 
This graph is said to be normalized because R L is plotted in units of r p and 
A mid in units of /x; it applies, therefore, to any amplifier with a resistance 
plate load. As R L increases, A mid approaches /x; therefore \i is the upper 
limit to the amplification obtainable for this kind of circuit. 

Since R h is the parallel equivalent of R b and R gy it is always less than 
the smaller of these. R g usually ranges between 250,000 ohms and 1 meg- 
ohm, and R b is smaller, for reasons to be given later. Hence, to increase 
R h requires that R b be increased. R h is the d-c plate load if R k is neg- 
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lected. In Fig. 7-16, lines a, b } and c represent d-c loads for a medium-ju 
triode, with resistance values increasing in that order, and passing through 
the same Q point. Note that as the resistance R b is increased, the value 
of Ebb required is increased. Therefore, for a fixed Q point it is not prac- 
ticable to increase R h greatly in an effort to obtain greater amplification. 
Lines a, d , and e represent increasing d-c load resistances, but the value of 
Ebb is held constant. Their intersections with the bias line / shifts, thus 
moving the operating point downward and to the left as Rb is made 
greater. Although formula (7-24) seems to show that A increases with 
Rl , this is not necessarily true, as ix may decrease and r p may increase, 



Fig. 7-16. Plate diagram of a triode with various loads. 


which is exactly what happens in this case. Also the operation is some- 
what more nonlinear for the very low Q points; hence the practical limit 
to Rb for medium-^ triodes is about 20r p , and for reasons to appear later 
it is often better to use a smaller value. For high-ju triodes the upper 
limit to Rb is about lOr^, and for pentodes its value is usually not higher 
than 0.3 r v . In the latter case it might seem that little advantage is being 
taken of the very high value of n, but even with this limit on the load an 
amplification up to around 200 can be obtained, which far exceeds that 
possible with a triode. 

Nonlinear distortion for a triode is mostly second harmonic. Formula 
(6-71) is sufficiently accurate for its determination, and the method 
explained in connection with this formula may be used. If R g is assumed 
to be very high, the lines of Fig. 7-16 become approximately the a-c-load 
lines. If drive to 0 volts is also assumed, although this is more than one 
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is likely to use, then the lengths of segments of the operating region of the 
load lines above and below the Q a point (shown solid) can be compared. 
It is fairly obvious by inspection that, for the tube represented in Fig. 
7-16, a higher load value gives less distortion. That this distortion is 
very small for very high loads is also attested by the quite constant value 
of \x over a wide region, since the graphical determination of fx involves 
horizontal measurements between the curves of the plate family. If a 
similar study is made for high-^ triodes, one arrives at the same conclu- 
sion, viz., that higher loads give less nonlinear distortion (see also Art. 
6-19). 

The grid bias to be used for triode voltage amplifiers is quite readily 
determined. The dynamic transfer characteristic of Fig. 6-11, which is 
the operating curve on h, E c axes, is quite typical of triodes. It is 
straighter near the upper end, and hence one should locate the quiescent 
operating point there for minimum nonlinear distortion. For a mcdium-ju 
triode, grid current becomes appreciable for grid voltages more positive 
than about —1 volt, and operation should be kept below this region. 
Thus, if a signal of 2 volts peak value is to be amplified, the bias should be 
about —3 volts. 

For pentode voltage amplifiers the upper end of the dynamic character- 
istic bends downward, making it undesirable to locate the operating point 
so near zero grid voltage. As an example, Fig. 4-26 shows the dynamic 
characteristics of a 6SJ7 pentode for Ebb = 250 volts, Rb — 100,000 ohms, 
and various screen voltages. The curves for low screen voltages have 
somewhat longer straight portions, and hence it is usually advisable to 
use low screen- voltage operation. However, since control-grid current 
flows for voltages more positive than about — 1 volt, the curve for E C 2 = 
25 volts should ordinarily be avoided with this value of Rb. The curve 
for E c 2 = +50 volts has an inflection point near I h = 1.7 ma, and oper- 
ation at this point (requiring E c \ = —1.25 volts) will give higher gain 
with small signals than will operation at any neighboring point on the 
same curve. However, for large signals, it might be well to avoid the 
predominant third-harmonic distortion, which occurs with operation at 
an inflection point, and choose instead a somewhat lower value of ho, 
where the distortion is more second harmonic and less third. If the value 
of Rb were changed, a new set of curves would be obtained. Since in 
actual operation R g is in parallel with R b as an a-c load, the curves of Fig. 
4-26, which are taken with direct applied voltages, cannot be used to 
determine exactly the allowable drive and the harmonic distortion. In 
general, the load for a pentode voltage tube is not critical and for low 
drive neither is the choice of operating point, as long as it lies in the 
straighter portion of the characteristic curve. For higher values of grid 
drive more care is needed correctly to place the operating point. The 
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screen bias is usually obtained from the plate supply through a well- 
bypassed voltage-dropping resistor. 

In practice the curves of Fig. 4-26 are not given in tube manuals, and 
hence, unless laboratory facilities are available, the method just explained 
is not particularly adaptable. If the value of I bo were stated in the man- 
ual and either E c i or E c 2 were adjusted to obtain this value, successful 
operation for signals of moderate size could be obtained. Instead, how- 
ever, most manuals present ready-made designs for amplifiers, and usually 
it is best to use them. The same can be done for triodes if desired. 



Fig. 7-17. Equivalent circuit for the 1-f range. 


7-12. Performance of an 7£-(7-coupled Amplifier in the L-F Range. 

For low frequencies the equivalent circuit of Fig. 7-12 simplifies to that 
of Fig. 7-17. Because of the presence of C this circuit is somewhat 
more complicated to analyze than that for the middle frequencies. 
Although this is a Thevenin’s form from the viewpoint of the whole 
load, if we consider the portion to the right of xx as the load, we 
obtain another Thevenin’s form as shown in Fig. 7-18. 

To simplify the analysis, let us 


define 


Rlow — Rg T~ 


r p + R b 


(7-25) 


■p Rg Rb y 

Rio. -jx c r p + R b ^ h 


(7-26) 


Alow 


Rg li-R b 

R\ovr J c Tp + R b 


(7-27) 



Fig. 7-18. Another Thevenin's form of 
the equivalent circuit of Fig. 7-17. 


Note that if C were omitted from this circuit, one would again have a 
middle-frequency equivalent circuit. Hence, for middle frequencies 
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and 

i jKj f^Rb 

A m id T) ~ ~T l5~ 

Aiow T p | lx}) 

Dividing Eq. (7-27) by Eq. (7-29) and rearranging, we obtain 

Al ow -Slow 1 

Amid Rlow jX c 1 j(X c /Rlow) 


(7-29) 


(7-30) 


Rather than use the already relatively simple formula (7-30), it is more 
convenient to employ a marker frequency and normalize the formula in 
terms of this and A mid . For this purpose any frequency may be used at 
which known results occur. From a mathematical standpoint the fre- 
quency at which X c /R lovf becomes unity is convenient. This will be used 
and designated as / x ; that is, is the frequency at which the number of 
ohms in C becomes equal to the number of ohms in the resistance part of 
the equivalent circuit of Fig. 7-18. Thus at the frequency /i 


TatfxC R '° v 

which mathematically defines fi. Solving, 

f - i 

Jl 2wR lo X 


(7-31) 


(7-32) 


Continuing the development of the formula for amplification, 


Alow 

A m id 


1 

1 - j(X e /Ri 0 w) 


1 

1 - j(l/2wfC) X 2irfiC 


1 

i - j(h/f) 


(7-33) 


Formula (7-33) gives both the magnitude and the phase of the amplifica- 
tion at any low frequency, relative to the value at mid-frequency. Since 
the phase angle at mid-frequency is 180°, as indicated by the negative 
sign in formula (7-23), all angles for A low lie in the third quadrant, assum- 
ing Vi g as the reference. 

At any low-range frequency /, the drop in voltage gain below the mid- 
frequency value may be expressed as follows: 


db drop in voltage gain = — 20 log -r — = — 20 log — ========. 

\/l + ( fl/f) 2 


= 10 log 


For N similar stages 




db drop in voltage gain = 10 A 7 log | 1 + ( y . j 


(7-34) 

(7-35) 
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One may plot a graph of A w in two advantageous ways: A low and d A as 
functions of frequency, or A low as a function of 0 A using polar coordinates. 
Figure 7-19 shows A low as a function of / in seminorm alized form. The 
scale of /is logarithmic, as this spreads out the curve for lower frequencies. 
When / = /i, A low /A mid = 1/(1 — jl) = 0.70 7/45° . At this frequency 
the amplification is down to about 71 per cent of the mid-frequency value, 
and the angle is 225°. The gain is down 3 db, and if power were impor- 
tant, the power would be reduced to (0.707) 2 = 0.5 of its mid-frequency 
value. Thus fi is sometimes called the lower half-power frequency, but 




Fig. 7-19. Gain vs. frequency in the 1-f Fig. 7-20. 0 A vs. frequency in the 1-f 
range. range. 

the other relations are more important for a voltage amplifier. At / = 
5/i, A low/A m i d 0.9 8/11.3° , or the amplification is down 2 per cent. At 
/ = 10/i, Ai ow /A mid = 0.995/ 5.7°, and the amplification is down one-half of 
1 per cent. At / = 0.1/i, A low /A mid = 0.1 /84,3°. Figure 7-20 shows how 
6 a varies with frequency in this range. At 10/i the angle is about 6° away 
from 180°, but the magnitude of the amplification is practically at its 
greatest value. Often 10/i is considered the upper end of the 1-f range 
and will be so taken in this book. 

Examination of Eq. (7-33) shows that 0 A = 180° — arc tan (— /i//), 
where arc tan (— /i//) is a fourth-quadrant angle. This equation can 
be solved to obtain 

i 1 = tan 6a (7-36) 

The size of A low /A mid obtained from Eq. (7-33) is 

Alow 1 


Aum Vi + (/ i //) 2 


(7-37) 
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Eliminating fi/f between Eqs. (7-36) and (7-37) gives 



|cos 6a\ 


(7-38) 


This equation is plotted in polar coordinates with A low /A ta[d as the radius 
vector and d A as the other variable, yielding the locus of Fig. 7-21. The 
student of analytic geometry should readily recognize that the locus is 
circular. Because of the restrictions that 0 A lies in only the third quad- 
rant, only half of the mathematical locus 
is useful in this case. 

Frequency was not used in plotting this 
locus, and so it is not obvious just what 
frequency places the relative-amplification 
radius vector in a given position. The 
vs position for / 1 is shown, it being deter- 

mined from the known angle of 225°. 

7-13. H-F Performance of /£-C-coupled Amplifiers. The h-f equiv- 
alent circuit shown in Fig. 7-22 is obtained from that of Fig. 7-12 by 
omitting the coupling capacitor (7. With proper interpretation, this is 
identical with the equivalent circuit of Fig. 7-3a for a single-stage ampli- 




Fig. 7-22. Equivalent circuit for high frequencies. 


fier, and hence Norton’s form of Fig. 7-3c may be employed and is drawn 
in simplified form in Fig. 7-23. The resistor arrangement in Norton’s 
form is the same as that in the equivalent circuit for mid-frequencies. 



C s h = C ou t + C w + C gp + Cg (7-40) Fig. 7-23. Norton's equivalent circuit for 


n u * a • , i , • high frequencies. 

G p being the input shunt capaci- 
tance of the next stage (see Arts. 7-3 and 7-5). It follows from the circuit 
of Fig. 7-23 that 



(7-41) 
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k high 


7-14. The Analysis of an ff-C-coupled Amplifier Circuit. The study 
just made of an R-C - coupled amplifier is sufficient to form a basis for the 
analysis of this device. The complete performance is shown in Fig. 7-27 

as a composite of Figs. 7-19 and 7-24. 
It presumes that the performance 
of the amplifier can be broken up into 
three quite well defined ranges for which 
10/i and 0.1/ 2 have been arbitrarily 
chosen as dividing points. If 0.1/ 2 does 
not exceed 10/i, this presumption should 
be abandoned and another analysis made. 
The results of such an analysis can be 
written in a form which combines those we have obtained for high and 
low frequencies. This form is 



f f mid 

Fig. 7-26. Polar plot of 4.M g h/A m id 
vs. 9 a for the h-f range. 


1 


Amid 1 - j(M) 1 + i(/// 2 ) 


(7-46) 


In practice 0.1/ 2 usually exceeds 10/i, and hence the variation of gain 
with frequency indicated in Fig. 7-27 is a practical one. A composite 
drawing of Figs. 7-20 and 7-25 likewise would show the variation of d A to 
be from near 270° for very low frequencies to 180° somewhere in the 



Fig. 7-27. Gain vs. frequency for an IZ-C'-coupled amplifier. 


middle-frequency range and approaching 90° as the frequency increases. 
Both magnitude and angle of A are shown in a circular locus which may 
be made for Figs. 7-21 and 7-26 combined. 

As an example of the analysis of an i^-C-coupled amplifier, assume the 
following: A 6J5 stage feeds another 6J5. E bb = 300 volts, R k — 2440 
ohms, Ck is very large, R h = 100,000 ohms, R g = 250,000 ohms, C = 0.01 
juf. From a tube manual C gp = 3.4 C pk = 3.6 pfd, and C ok = 3.4 jujuf. 
Suppose the mid-frequency gain of the second stage has already been 
determined as 15/180°. The measured value of C w is 30 jiixi. 



VOLTAGE AMPLIFIERS 


179 


1. On a sheet of % vs. e& characteristics for a 6J5 draw a load line for 
R dc = 102,440 ohms through e h = 300 volts on the % = 0 axis. Also 
draw the bias line for R k = 2440 ohms (see Art. 6-4). The intersection 
of these two lines gives Q : E bo = 112 volts, E co = —1.8 X 10 -3 X 2440 
= — 4.4 volts. For voltage triodes the T point practically coincides with 
the Q point. 

2. The values of m and r v can be determined by graphical construction 
on the plate characteristics, by using a vacuum-tube bridge, or by ref- 
erence to a tube handbook where approximate values are given corre- 
sponding to various values of E b0 and of I bo or of E co . In this case the 
bridge method is used, yielding m = 18, r v = 16,000 ohms. 

3. Compute R sh . 


Jl 4 - — 4 - — - = — (- — H — = 62 5 4- 10 4- 4 

I 1 t ' n n i I i I rk or w - J I - Lvy 1 


r, R h R g 0.016 1 0.1 1 0.25 


= 76.5 micromhos 


1 


Rsh = yg-g = 0.0131 megohm = 13,100 ohms 
1 ..... 1 


4. Compute 

(1 /ft) + (I/O 

5. Compute 


A m id QmR&h 


18 


6. Compute 


16,000 

Csh — Cpk 4~ Cgp + C W + Cg 


10 + 62.5 
= 0.25 + 0.0138 = 0.264 megohm 

X 13,100 = 14.7 


where C v for the next stage equals C g k + (1 — A )C gp = 3.4 + (1 + 15)3.4 
= 58 fifii approximately. C g varies in the h-f range, and 58 fifii represents 
its maximum value. C 8 h = 3.6 + 3.4 + 30 + 58 = 95 fifii. 

7. Compute /i. 


• fl 2 tR 1o „C 


1 

2ir X 264,000 X 0.01 X lO" 6 


= 60 cps 


8. Compute / 2 . 


f = I = i 

n 2wR ah C ih 2tt X 13,100 X 95 X 10” 9 * * 12 


128,000 cps 


9. Insert numerical values for /i, / 2 , and A mid on the axes of Fig. 7-27 to 

obtain the proper response curve. Note: By assuming Ck to be very large 

the problem of feedback is avoided at this time. With a small value of 

Ck there would be an alternating-voltage drop across the Rkfik combina- 
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tion which would be applied to the grid in series with Vi g . The result 
would be a lower value of amplification, particularly at low frequencies. 

7-15. Design Considerations for an 7?-C-coupled Amplifier. The 1-f 
performance is determined by /i. Since /i = l/2?r A! low C, to make /i low 
in value, R iow must be made large. Therefore, a large value of C is desir- 
able together with a large value of 72 w = R g + [r p R b /(r p + R h )]. 

For a triode, r p is usually smaller than R b . In the case of a medium-g 
triode, r v is less than 20,000 ohms; for a high-/* triode, r v is usually less 
than 100,000 ohms. For a pentode, r p may exceed 1 megohm, and hence 
Ri ow is approximately the value of R g in series with R b . R g can be made 
much higher than R b , but because of difficulties should there be grid emis- 
sion from the following tube, it is generally limited to 2 megohms or less. 
Hence R iow is mostly dependent upon R g , and its ordinary practical upper 
limit is about 2 megohms. C is limited in size by the leakage inherent to 
physically large capacitors, which affects the next tube’s bias, and by the 
large capacitance to ground, which tends to spoil the h-f response. 
Furthermore, too large a product R g C may result in blocking of the grid 
of the next tube. If a random pulse of voltage on the grid drives the grid 
positive, a flood of electrons charges C. Meanwhile, the causative pulse 
having receded, the grid is left highly negative, beyond cutoff, and the 
tube is inoperative until some of the charge on C has leaked off. If C’s 
capacitance is high and R g is high also, it takes considerable time for C to 
discharge. Various experimenters have formulated practical limits for 
the product R g C } their values ranging from 0.1 to 0.01. If 0.01 is tenta- 
tively tried with R g — 2 megohms, the maximum value of C will be 
0.005 /*f and/i = 16 cps is the lowest conservative value obtainable for a 
broad-band amplifier with simple R-C coupling. 

In the h-f range the performance is determined by f% = 1/2t R S hC s k. 
Rsh, being the parallel combination of r p , R b , and R g , is hence less than the 
smallest of these. For a medium-/* triode, r p limits R sh ; for a high-/* triode, 
R b is also an important factor. For a pentode, R b usually limits R s h. 
Since C $ h = C oui + C w + C ap + C g , it is helpful, in attempting to raise the 
value of / 2 , to keep these values small. By careful wiring and by the use 
of short connections and small components held away from the chassis, 
C w can be made small. C g depends upon the gain of the next stage and is 
quite large for triodes. For pentodes, C g is approximately C in ; it is small 
and is almost independent of the stage gain. Hence, it is usually advan- 
tageous to feed into pentodes as a second stage if a very high value of / 2 
is desired. Ordinarily nothing can be done to reduce C out + C gp appre- 
ciably beyond carefully choosing a tube, unless one changes the type of 
amplifier from that being studied at present. In the case of our circuit 
the lower limit on C s h is C out + C gp . To make / 2 high a small value of 
-Rs/iCsfr is required. Since reducing R 6h also- reduces the mid-frequency 
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gain g m R s h, it is seen that very great bandwidth comes at the expense of 
lower stage gain. 

Consultation with a tube manual shows that, although the values of 
n and r v vary widely with various voltage-amplifier types of triodes and 
pentodes, the values of g m do not vary so much, usually being between 
1500 and 3000 micromhos, except for television types. Thus the mid- 
frequency gain is mostly determined by the size of R s u. Low-r p tubes will 
have low gain, and the higher-r^ tubes will have higher gain unless R b is 
made small, /*, which equals g m T p , is therefore an important factor when 
considering high-gain voltage amplifiers. 

7-16. The Design of an 2£-C-coupled Amplifier. Although the 
process employed in analyzing an amplifier as in Art. 7-14 can be reversed 
in a fashion to design an amplifier, it is usually not desirable to do so. 
Instead, a tube manual is often employed. In the manual a special 
R-C - coupled amplifier chart has been prepared, which tabulates many cir- 
cuit combinations and their performance figures. Minor changes in char- 
acteristics can be effected by slight changes in the circuit components. 
The procedure followed depends upon the tube manual used. 

As an example, suppose an amplifier is desired which will have an out- 
put of 62 volts peak with an input of 10 mv peak. The output is to be 
constant within 3 db from 100 to 100,000 cps. The value of E bb available 
is 250 volts. We shall use the charts contained in Appendix B. 

1. The mid-frequency gain is 62/0.01 = 6200, and the required output 
voltage is 62 volts peak, or 62/ = 44 volts rms. 

2. If we wish to use a type 6J5 medium-/* triode, the available designs 
show that it is possible to get as high as 53 volts rms output with E bb = 
250 volts and with the proper circuit values. The distortion in the out- 
put stage alone is 4.6 per cent with a grid drive of 3.3 volts rms. It is of 
interest to note in passing that the distortion would be only 1.3 per cent 
if the drive were reduced to 1.0 volt. This indicates that, for a triode 
with a given load, the percentage distortion is roughly proportional to the 
amount of grid drive, as may be verified by reference to Eq. (6-57). The 
gain is given as 16.1. With this amplification, four stages would be 
needed to achieve an over-all gain as high as 6200. 

3. If a high-/* triode such as a 6SF5 is tried, there is no design listed 
which will deliver 44 volts rms at the output with E bb = 250 volts. With 
a gain of around 70 per stage, three stages would be needed. 

4. A typical pentode 6SJ7 may be used to deliver as high as 54 volts 
with 5 percent nonlinear distortion, using E bb = 250 volts. The stage 
gain listed is 108, which makes two stages necessary. The value of R b is 
0.1 megohm, which is the lowest listed, and hence gives the best h-f 
response. This tube and circuit arrangement will be tentatively chosen 
for this example. 
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5. The lower marker frequency fi may be determined by using Eq. 
(7-35): 10 X 2 log [1 + (/i/100) 2 ] = 3, or f x = 64 cps. 

6. Likewise / 2 may be determined with Eq. (7-45) as a guide: 10 X 2 
log [1 + (100,000// 2 ) 2 ] = 3, or f 2 = 156,000 cps. 

7. From the 72-C-coupled amplifier data for the 6SJ7 tube in Appendix 
B the following values are obtained: Rb = 0.1 megohm, R g = 0.47 meg- 
ohm, Rd = 0.39 megohm, R k — 560 ohms, A = 108 for heavy drive, 115 
for light drive (0.1 volt rms). 

8. The coupling capacitance C may be calculated by the use of formula 
(7-32), /i = 1/27 tjR 1ow C, where .Ri ow ~ R g + R b = 0.57 megohm. Hence 
c = 1/(2t r X 64 X 0.57 X 10 6 ) - 0.0044 /xf. 

9. The theory of the determination of C k is discussed later under the 
subject of feedback (Art. 10-11). The value of C k needed to limit the 
degenerative loss caused by R k to 1 per cent at 64 cps is 46 /xf. This 
result is obtained by using formula (10-41) of Art. 10-11 (see also Prob. 12, 
Chap. 10). A rule of thumb commonly used makes X Ck = 0.lR k at the 
1-f end of the mid-frequency band. This rule makes C k in this case only 
about one-tenth the size stated above, and hence the degenerative effect 
of R k would be greater. 

10. Since C d does not perfectly bypass R d , there is an alternating volt- 
age applied to the screen grid, which causes some loss in gain. The theory 
of this action is beyond the scope of this book. One ordinary rule for 
choice of C d is to make X Cd = 0.1R d . This rule is without rigorous foun- 
dation, but in ordinary amplifier circuits the results of its use are often 
satisfactory. 

11. The h-f response of the amplifier is not stated in the chart. This 
is because some of the capacitances involved cannot be known until the 
amplifier is assembled and tested. If / 2 = 156,000 cps is the required 
value, then from formula (7-44) we may solve for the necessary value of 
C 9 h. Assume r p is approximately 1 megohm. \/R 8 k = l/r p + l/Rb + 
1 /R g = + 1/0.1 + 1/0.47 « 1 + 10 + 2 = 13 micromhos, and hence 
R 8h = 77,000 ohms. Therefore C ah = l/2i rf 2 R 8h = 1/(2tt 156,000 X 77,000) 
= 13.2 /x/xf. Since for a 6SJ7, C out = 7 /x/xf and C in = 6 /x/xf, there remains 
no allowance for wiring capacitance. Hence this design fails to meet the 
requirements of h-f response. Allowing 10 /x/xf as an approximate actual 
minimum wiring capacitance, C 9 k = 23 /x/xf, and/ 2 for one stage has a value 
of 90,000 cps. Since the over-all gain is 115 X 108 = 12,400, which 
exceeds the gain requirement, it is possible to lower R b in each stage and 
thus improve the h-f response. Other charts in tube manuals ihay be con- 
sulted and perhaps designs found which satisfy the frequency requirement. 
Or the 6SJ7 tube may be abandoned and the 6J5 or another tube tried. 

7-17. Video-frequency Amplifiers. 3 - 4 We have seen that there is no 
great difficulty in designing R-C-coupled amplifiers to give excellent per- 



VOLTAGE AMPLIFIERS 


183 


formance over the a-f range of 40 cps to 20 kc and even higher. The 
amplitude-frequency response can be made essentially flat, and for sound 
reproduction the small phase shift which occurs is undetected in our hear- 
ing process. 

Where amplifiers are to be used in the production of visual images on 
the screen of a cathode-ray oscilloscope, far better performance is often 
required. This can be seen if we study the ordinary way in which a tele- 
vision image is formed on a kinescope screen. Figure 7-28 shows the 
path of the cathode-ray beam on the 
face during the production of one frame, 
or complete picture. Driven by the 
horizontal-deflection system using saw- 
tooth voltages of high frequency and by 
the vertical-deflection system using saw- 
tooth voltages of a much lower fre- 
quency, it describes slightly slanting 
lines as shown. By interlacing lines (as 
shown starting with the line numbered 
it is possible to operate with lower 
frame frequency and obtain a satisfac- 
tory picture. The actual number of lines 
in a frame greatly exceeds the 15 shown, the standard of the present time 
being 525 with a frame frequency of 30 per second. This makes the time 
for one line 1/(525 X 30) = 63.5 /zsee. A standard picture pattern has 
a width-to-height ratio of and hence there are 1.33 X 525 = 700 inter- 
vals on any line, with interline spacing. The sweep time for one of these 
intervals is 63.5/700 = 0.09 /isec. Hence, for excellent picture sharpness 
the amplifiers controlling the beam intensity must be able to change the 
spot from full to zero brilliance in approximately 0.1 /xsec. Since syn- 
chronizing pulses for the vertical sweep occur 30 times each second, the 
amplifier must be able to handle this frequency. Practical television 

receivers contain video-frequency 
T~ “ amplifiers which perform over a fre- 

j/ quency range of 30 cps to about 4 

0 t Me, the picture detail being somewhat 

Fig. 7-29. A unit-step function. inferior to that discussed above but 

nevertheless quite satisfactory. 

Let us consider the effect of applying to an amplifier a signal voltage 
which possesses the property of fast rise and long duration. One such 
waveform is shown in Fig. 7-29. This is called a unit step voltage. We 
shall apply this voltage to the grid of an R-C - coupled amplifier and deter- 
mine the character of the output voltage. Since the waveform is not 
repetitive, one cannot make a Fourier-series analysis of it, and hence the 
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Fig. 7-28. Path of the beam on the 
face of a kinescope when scanning 
one frame of a television picture. 
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analyses previously made using sinusoidal waveforms are not directly 
applicable. 

Figure 7-30a shows the schematic diagram including the switch, which 


is closed at time t = 0. Following 



circuit in simplified form. We 


this time an increased plate current 
flows through the tube. We can see 
better by looking at Fig. 7-30 b what 
then occurs. At t = 0 the capaci- 
tors C out and C w have their quiescent 
charges, and some time will elapse 
before their voltages can fall to the 
new value. C meanwhile has only 
its quiescent charge, which can 
change only slowly because of R g , 
and hence e Q decreases from zero 
practically at the same rate that the 
voltage across C out and C w falls. 
Thus for the events immediately 
following t = 0, the coupling capaci- 
tor is inactive, and the parallel com- 
bination C s h of C out , c w , and C Q delays 
the fall of e 0 . See now Fig. 7-30c, 
which shows Norton’s equivalent 
write for the time following t = 0, 



£o i s-y d($o 

“ 9m 8h ~dt 

(7-47) 

Separating variables, 

», Rsh^shdCo 

at = 0 . 

Qmtv&'h, 1 

(7-48) 

Integrating, 



t = 

— RehC s h In ( g m R s h + e Q ) + C\ 

(7-49) 


When t = 0, e Q = 0 and hence C i = +R a hC ah In g m R ah . Therefore 


t = In (l + -%-) 

\ gmRsh / 

(7-50) 

Solving for e Q , we obtain 


£ 

e 0 = - — e «■»<?*) 

(7-51) 


A normalized graph of e 0 as a function of t , given by this equation, is 
shown in Fig. 7-31. The time for e 0 to attain 63 per cent of its final value 
is t = Rsh^sh sec. Thus 1 /R 8 hC 8 k is a measure of the ability of the circuit 
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to deliver a steep wave front of voltage. Note that this measure is the 
same as a > 2 , obtained by the assumption of a sinusoidal grid voltage. 
Thus a high value of co 2 for sinusoidal voltages implies a short rise time 
for step voltages. 

After a short period of time the voltage e 0 practically attains its final 
value — g m Rsh provided the coupling capacitor C did not change its charge. 
Since the latter occurrence usually is much slower than the events just 



Fig. 7-31. The rise in output voltage 
with time in the circuit of Fig. 7-30. 



Fig. 7-32. 


discussed, we can neglect C 8 k and omit it from the circuit of Fig. 7-32 
while we study the persistence of the value — g m R 8 h- This circuit should 
have a familiar appearance. It is not difficult to show that e a in this case 
is given by 

Co = -g m R Bh e-t /R ^ (7-52) 


where R lov is defined in Eq. (7-25) (see Prob. 38, this chapter). 

A normalized graph of e a is shown in Fig. 7-33. From it we see that 
when t = R\ ov C the voltage has 
reduced to 37 per cent of its greatest 
value. Thus \/R Xovi C is a measure 
of the ability of the circuit to main- 
tain the voltage at the value — g m R 8 h. 

Note that this measure is the 1-f 
marker on obtained in an earlier study. 

If 1/RshCsh can be made high and 
l/R low C can be made small, the out- 
put voltage can rise rapidly and fall 
only slowly from its top value. We 
could just as well state that the amplifier should have a bandwidth extend- 
ing from very low frequencies to very high frequencies. Figure 7-34 
shows a graph of e Q in which both rapid rise and long persistence are 
attained. 

The circuit element which limits the h-f response is the shunt capac- 
itance in the plate circuit. By wise choice of tubes and by careful wiring 



Fig. 7-33. The fall in output voltage with 
time in the circuit of Fig. 7-30. 
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it is possible to reduce C 8 h considerably below the value in the usual a-f 
amplifier. A criterion for this tube choice may be developed as follows : 
Over the range of constant amplification 

A = g m R a h (7-23) 


If the upper limit of usefulness is taken as / 2 , having particularly in mind 
the possibility of improving by some means the performance between 0.1/ 2 

and / 2 , then the maximum usable 
bandwidth is practically / 2 , as given 
in Eq. (7-44). The product of gain 
and bandwidth is 

Ah = cps (7-53) 

and is called the gain area, it repre- 
senting approximately the area 
Pig. 7-34. Rise and fall of output voltage under the usable portion of the 

with time. T , , , u . 

response curve. It shows that a 

good tube for a video-frequency amplifier has a high transconductance and 

low input and output capacitances. 

The gain-area criteria for several tubes are tabulated in Table 7-1, it 

being assumed that two like tubes are used in cascade, the criterion 

applying to the first tube. For a triode, C Q depends upon the gain, and 

this has been assumed to be 10/180°. 


'9m &sh 



TABLE 7-1 

GAIN-AREA CRITERIA 


Tube 

9 m f 

/xmho 

Coutj 

/i/if 

' 

C„ 

«*f 

Gain area, 

Me 

6AC7 

9000 

5 

11 

90 

6AK5 

5100 

2.8 

4.2 ! 

116 

6J5 

2600 

3.6 

41 

9 

6SG7 

4000 

7 

8.5 

41 

6SJ7 

1650 

7 

6 

20 


The best tube for wide-band voltage-amplifier use, as listed in Table 
7-1, is the 6AK5. This is due to its relatively high transconductance and 
low interelectrode capacitances. If a bandwidth of uniform response of 
4 Me is desired with an ordinary R-C circuit, the value of / 2 should be 
made 40 Me and a gain of 11 %o = 2.9 per stage is indicated. The 
results will be somewhat inferior to this as the stray capacitances of wiring 
Will increase, the C 8 h value above that due to the tabulated tube values. 
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It would be very desirable if the useful band could be made to extend 
farther than O.I/ 2 , and then/ 2 could be lowered and more gain per stage 
obtained. 

7-18. H-F Compensation. Various plans have been tried for raising 
the gain and controlling the phase shift of an R-C - coupled amplifier in the 
h-f range. Two of the commonest circuits are indicated in Fig. 7-35, 
where only the tube loads are shown. It is not difficult to show that 
either plan gives some promise of remedy. 

In Fig. 7-35a, as the frequency rises, the action of L is to increase the 
current passing through the parallel combination of R b , R g , and C g above 
the value obtaining without L. This 
of course will increase the output volt- 
age, and if the value of L is correctly 
chosen, it is probable that this action 
can compensate for the drop in voltage 
due to C g and also C out and the stray 
capacitances. A careful mathemati- 
cal analysis is needed to determine 
the details. 

In the circuit of Fig. 7-355, the load 
on the tube increases as the frequency 
rises and hence the gain increases — we 
hope sufficiently to offset the effect of 
C 8 h . Let us concentrate on the details 
of this method. Since to achieve 
great bandwidth the gain per stage 
will be small, a low value of R b must be used. It will be much lower 
than either r p or R g . Hence 

R sh ~ R b (7-54) 




Cout 


'>Rr 


(&) 



( 6 ) 

Fig. 7-35. High-frequency compen- 
sation methods; (a) using a series 
inductor, ( b ) using a shunt inductor. 


Norton’s equivalent circuit is drawn in Fig. 7-36. Then 

■P _ _ (fib + juL)(l/jwC, h ) 

R b + j[o>L - (l/co(7.0] 9 “ 

and 

E. _ (L/C,,) - j(R b /o>C lh ) 

V 0 9m R b +j[wL-(l/a>C sk )] 


Making the denominator real, we obtain 


A = 


R b . oiL? 

“ 3 LcI 

ffm 


L 


+ 


R^ 

toCjh_ 


(7-55) 

(7-56) 


R b > + [uL - (1 /o>C,k)Y 


(7-57) 
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It is desirable to graph A vs. f and 0 A vs. /, and some substitutions will 
help make this easier to do. Let / 2 be the upper half-power frequency of 

the uncompensated amplifier, de- 
fined by Eq. (7-43), which in this 
case becomes 

1 


] 

0 



1 - 

^ Csh E 




• 0 


Rb — 


and hence 


Fig. 7-36. Equivalent circuit for high 
frequencies. 


f 2 “ 


<A >2 Csh 

1_ 

2TrRbC 8 h 


Also, at this frequency / 2 , let Q 2 be defined as 

OO2R 


Qz = 


A 


(7-58) 

(7-59) 

(7-60) 


We can rewrite Eq. (7-57) in the form 


C02 2 Rl 


A = ~g T 


.p 3 / OOOO^L 2 _ OO^L C 0 2 Rb 2 \ 

uWCV J tb \R b *u2 2 C sh Rb s cow 2 2 C S h 2 ^ A W7. J 


(i)C0 2 2 Li 2 


oo 2 2 L 


Rb 2 + 

or by Eqs. (7-58) and (7-60), 


( c 0U2L __ oo 2 1 V 

00 2 00 00 2 C 8 h) 


A = —g. 


(-Y A 3 - iA 3 (- Q * 2 --Q2 + -) 

\ 00 / \o>2 00 00 / 

Multiply numerator and denominator by (oo/oo 2 ) 2 , and simplify. 

A _ 

A ymlCb y \ 2 r/ J. \2 -|2 

(7.) + l(f.) a_1 J 

Therefore the simplified formula for the magnitude of A is 


(7-61) 


(7-62) 


(7-63) 


d QmRb 


v‘ + ( 

f.)’[(s) 

2 

Q2 2 + 1 - 

■ 2 

~ Q2 

(f. 

H 

a: 

) 2 q 2 - r 

2 


and that for d A is 


8 a = 180° — arctan y (-7 J Q 2 2 + 1 - Qi 
J 2 L\J2/ 


(7-64) 


(7-65) 



VOLTAGE AMPLIFIERS 


189 


With Q 2 as a parameter, several normalized curves of A/g m R b vs. /// 2 
have been drawn in Fig. 7-37. 


A 


db 



Fig. 7-37. Normalized curves of amplification vs. frequency. 


Figure 7-38 illustrates in a simple 
served if the phase shift is pro- 
portional to frequency. An ampli- 
fier should give either a phase shift 
of zero or a multiple of tt for all fre- 
quencies in its useful band, or it 
should produce a shift angle propor- 
tional to the frequency, that is, 
m = kw. The time taken for a 
signal voltage to complete 0 A 
radians of its cycle is called the time 
delay between input and output. 
Thus the time delay in this case is 

£ T -irt- k < 7 -“> 

where T is the period of one cycle. 
The statement that the time delay 
is a constant independent of fre- 
quency is thus equivalent to saying 
that the phase shift is proportional 
to frequency. 


r how the waveshape is pre- 



Fig. 7-38. The effect of phase shift on 
waveform, (a) Input voltage and its 
components. ( b ) Output voltage and 
its components. Each component shifted 
a constant angle of 90°. (c) Output 


In Fig. 7-39 several curves of voltage and its components, ei shifted 
phase shift vs. frequency have been 90 > e2 2 x 90 . 

drawn as / 2 ®// vs. /// 2 . The phase shift © is /// 2 times the ordinate. 
The time delay is l/« 3 times the ordinate, ' 
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We are now ready to judge the value of Q B desired. Examination of 
the normalized gain curves of Fig. 7-37 shows that if Q 2 = 0.5, the gain at 
/ = / 2 is equal to that in the middle-frequency range. At about/ = 0.7/ 2 
the gain rises to a maximum above this value by only about 0.25 db, which 



Fig. 7-39. Curves of phase shift vs. frequency. 


is not usually objectionable. For Q 2 = 0.44 the response curve is flat 
over a greater range but is down 0.5 db at / 2 . The value Q 2 = 0.5 is 
usually chosen when only amplitude of gain is important. The curves 
of Fig. 7-39 show that Q 2 = 0.5 has constant time delay only up to 0.1/ 2 . 
On the other hand Q 2 = 0.3 gives a very good phase-shift characteristic 

up to 0.5/2 or higher. A value 
of Q 2 near 0.3 is ordinarily used 
when phase shift is the item of 
principal interest. If both ampli- 
tude and phase shift are important, 
Q 2 = 0.44 is a compromise value. 
Then the value of f 2 must be raised, 
and the subsequent loss in gain 
per stage accepted. More stages 
may be needed, of course, to offset this loss. 

7-19. L-F Compensation. In the 1-f range R-C - coupled amplifiers 
suffer loss in gain, and an accompanying phase shift occurs, because of the 
impedance of the coupling capacitor and also because the bypass capac- 


Fig. 7-40. E o is independent of the fre- 
quency of I if R\C\ = R 2 C 2 . 
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itors C k and C d (see Figs. 7-10 and 7-11) do not function as well as for 
higher frequencies. For example, as the frequency falls, CV s mounting 
impedance allows more voltage drop across Ck and R k . This voltage is 
in such phase that it cancels part of the signal in the grid circuit and makes 
the resultant gain of the stage less. Circuits may be devised to com- 
pensate for any of these effects. The one we shall study will be that 
involving the coupling capacitor. 

Examination of the circuit of Fig. 7-40 shows that 


Eo _ 

I 

If 

then 




R, 


faRiCi + 1 

ji»C i 


R, 


Ri + -j—TT + #2 + ripr 

JioLi 


juC 1 

RlCi = s 2 c 2 

juR 2 C 2 R2C2 

= " Ci + C 2 


jwRiCi + 1 _j_ JU3R2C2 + 1 


j<*>(C 1 + C2) 


juC< A 


R\R2 

R\ + R 2 


(7-67) 

(7-68) 

(7-69) 


which is independent of frequency. 

To adapt this principle to the problem at hand, one may propose the 
circuit of Fig. 7-41. The tube may be either a triode or a pentode, and a 



Fig. 7-41. One practical adaptation of Fig. 7-42. A circuit using series feed, 
the idea of Fig. 7-40, using shunt feed. 


fixed bias is shown because we are compensating for the effect of C only, 
although cathode bias is more practical to use. R f is added to the circuit 
to provide a d-c path. Its presence complicates matters somewhat, and 
it is impossible to obtain A entirely independent of frequency. The nfost 
important objection to the circuit is the fact that R f shunts R L (Rb in par- 
allel with R g ) and the gain in the middle-frequency range is reduced. 
Since there is only a small gain at best, this is a serious objection. 

Figure 7-42 shows a series-feed adaptation of the same idea. In the 
middle-frequency range the load on the tube is R L , and hence the gain is 
higher than in the previous case. R f and C f really form a decoupling 
unit, often used when several stages of an amplifier are fed from a com- 
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mon Ebb supply. A decoupler filters out the variable components of volt- 
age caused by other stages and prevents feedback. 

An analysis of the action of the series form of circuit of Fig. 7-42 is 



Fig. 7-43. Norton’s equivalent of the 
circuit of Fig. 7-42. 


the left branch. Without serious 


quite easy, and the results are 
interesting. First we may draw 
Norton’s equivalent circuit in Fig. 
7-43. Since r p is much larger than 
R b and Rf in series, it has been 
omitted. Considering that R 0 is also 
much larger than R b and R f in series, 
most of the current g m V g will pass up 
ror, therefore, we may write 


Hence 


or 


' O q 


Rb + 


Rf/juCf j 


R f 


Rf + (l/i«C/)J Rg + (1 /jwC) 


— —QnNgRb 1 + 


Rf/juCfRb 1 

Rf + {\/jttiCf) m 1 + (1 /juCRg) 


T? \ 1 \ R f 

4 - E » = n 

V, {Jmb R, + {1/juCf) 1 + (l/juCR 0 ) 


1 


A A mid 


— A 

“mu 


1 + [(#/ + R b ) /jajCfRfRi 


[1 + (l/juRjC f )][l + (1 /j*CR 0 )] 
1 


1 + 


ju>C,[R b Rf/(R b + R/)} 


Lmid [1 + (l/juRfC f )][l + (1 /juCR g )] 
We may let /i be the frequency at which 1 /u> x C = R g , or 


(7-70) 


(7-71) 


(7-72) 


on = 


RaC 


(7-73) 


which is almost identical with Eq. (7-32) if we note that R loyv is practically 
R g in this case, /i is the lower half-power frequency of the amplifier 
without the R f C / compensation. It is interesting to observe that sub- 
stitutions of this sort are often helpful whenever a term of the form wRC 
occurs. For example, we may also let/ 3 and/ 4 , respectively, be the fre- 
quencies at which 

(7-74) 


1 


and 


CO 3 — 


CO 4 = 


R,C 


t'-'f 


1 


[R b R f /(R b + R { )]C, 


(7-75) 



VOLTAGE AMPLIFIERS 


193 


Making these substitutions in Eq. (7-72) and simplifying, 


i - j (/«//) 

[i - i(M)][i - KM)] 


(7-76) 


Now/i is determined if the values of C and R g have already been chosen, 
(see the example of Art. 7-20). R b too has been determined if the upper 
half -power frequency has been specified. / 3 and / 4 hence depend upon 
R f and C f , both of which are arbitrary. Since f± is arbitrary, one can 
choose for its value that of /i. This is desirable because it makes the 
result so simple. The gain now reduces to 

A = Araid Mjm (7 - 77) 

which shows that the lower half-power frequency has been moved from 
/ 1 to fs by this compensation method. As / 3 is arbitrary, this makes it 
possible to make the gain constant and the phase shift negligible down to 
any desired frequency value, 10/ 3 . 

The design equations are as follows: Since / 4 = fi, 


Since / 3 is arbitrary, 


RbRf 

R b + Rf 


C f = R g C 


h = 


1 

2irRfCf 


(7-78) 

(7-79) 


it may be any desired value. If R g} C, R b , and / 3 are known, these equa- 
tions are sufficient to determine Rf and Cf. 

By making m > an it is possible to have a rising curve of gain as the 
frequency becomes lower. This idea is sometimes used to give an ampli- 
fier so-called bass boost. 

7-20. An Example of Video -frequency Amplifier Compensation. An 

amplifier uses 6AK5 tubes with quiescent operation at E ho = 180 volts, 
Ec 2 o = 120 volts, E cl0 = —2 volts, I bo — 7.7 ma, I c2o ~ 2.4 ma. Under 
these conditions g m = 5100 micromhos, and r p — 0.7 megohm. Suppose 
both uniform gain and phase shift proportional to frequency are impor- 
tant over a bandwidth from 20 cps to 5 Me. Limit the h-f attenuation 
per stage to 0.33 db. Assume the stray capacitance can be reduced to 
7 

Since both gain and phase shift are important, it is well to use Q 2 = 
0.44. If the upper end of the useful band is taken at/// 2 = 0.6, then/ 2 
= 5/0.6 = 8.3 Me. Then the curve of Fig. 7-37 shows no deviation 
in uniformity of gain, and that of Fig. 7-39 shows a maximum angu- 
lar deviation given by (J 2 /f)d A = 34.5°, or 0^/O.6 = 34.5°, d A = 20,7° 
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per stage. At one-tenth this frequency, i.e., at /// 2 = 0.06, d A / 0.06 = 
32°, or d A = 1.92° per stage. Since 10 X 1.92° = 19*2° and not 20.7°, we 
see that the phase shift is not exactly proportional to frequency. These 
angles are of course in addition to the usual 180° phase shift per stage. 
We shall assume this departure from the ideal to be acceptable. If it 
were not for increased phase shift, it would be allowable to work to a 
higher value of /// 2 . If Q 2 = 0.3 is used, the phase-shift characteristic 
would be improved but we would be forced to us e/// 2 = 0.5 as the upper 
limit on account of the limit 0.33 db per stage attenuation of gain. 
Hence Q 2 — 0.44 seems to be the better choice. 

From Table 7-1, C out = 2.8 /x/xf, C g = 4.2 /x/xf. Hence C sh - 2.8 + 
4.2 + 7 = 14 /x/xf. co 2 = 1/RbCsh, and therefore#*, = l/o> 2 C 8h = 1/(2tt8.3 
X 10 6 X 14 X 10“ 12 ) = 1360 ohms. Q 2 =* co 2 L/R bf and hence L = 
0.44 X 1360/(27 r X 8.3 X 10 6 ) = 11.5 /xh. This completes the h-f 
compensation. 

We are now ready to choose C and R g . A conservative value of R g for 
most tubes is 0.5 megohm, and the time constant R g C usually should not 
greatly exceed 0.05 if grid blocking following an unusually high grid-signal 
pulse is to be avoided. In this problem let us use R g C = 0.01. Hence 
C = 0.01/0.5 X 10 6 = 0.02 /xf is a conservative value. 

The value of coi by Eq. (7-73) is the reciprocal of the time constant 
R g C , and hence coi = 1/0.01 = 100, making /1 = 100 /2t = 16 cps. We 
wish to lower the half-power frequency to 2 cps, and hence co 3 = 2ir X 2 
= 12.6. 

Equation (7-74) gives R/Cf = 1/ co 3 = 1/12.6 = 0.079. By Eq. (7-78), 
[R b Rf/(R b + Rf)]Cf = R g C = 0.01. Dividing the second of these equa- 
tions by the first yields R b /(R b + Rf) = 0.126, or R f — 6.93 R h = 6.93 X 
1360 = 9420 ohms. C f = 0.079/9420 = 8.4 /xf. The gain A = g m R b = 
5100 X 10~ 6 X 1360 « 7. If (7/ is an electrolytic capacitor, it should be 
paralleled by a small paper capacitor since many electrolytic capacitors 
are inductive at high frequencies. 

If the shunt-feed circuit of Fig. 7-41 is used, the values of Rf and C f do 
not greatly differ from those obtained for this case but the gain is reduced 
to 5.4. 

In practice, the value of stray capacitance is usually determined experi- 
mentally. The amplifier chassis is wired and a load of a few thousand 
ohms inserted for R b . By determining the frequency at which the gain 
drops to 71 per cent of its mid-frequency value, / 2 is determined. From 
this C S h is computed. The load is then changed to the proper value which 
gives the desired / 2 . 

7-21. Balanced Voltage Amplifiers. Under some circumstances the 
two alternating voltages on the conductors bearing a signal are balanced 
to ground, t.e., the potential of one wire is always as much above ground 
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as the potential of the other wire is below ground. This is true in some 
measurement circuits, on ordinary telephone lines, in the input to a push- 
pull amplifier, and in the feed to the deflecting plates of a well-designed 
oscilloscope. Obviously an amplifier handling such a signal cannot be of 
the grounded-cathode single-ended variety. The two circuits of Fig. 7-44 
represent typical balanced amplifiers. The coupling device in the output 
may be of the R-C> the transformer, or even the direct variety. 

If an amplifier is used to step up the voltage, it can probably be 
arranged with choice of tubes, quiescent operation, and load so that the 
performance is approximately linear. The treatment may be that of two 



Fig. 7-44. Balanced amplifiers. Fig. 7-45. Equivalent circuits of Fig. 

7-44. 


separate equivalent circuits as in Fig. 7-45a, or they may be combined as 
follows, 

V„ = -V 2ff (7-80) 

and since the operation is linear, 

lip = I 2 p (7-81) 

Hence /iV 2(? can be replaced by pV Xp with polarity signs reversed and I 2p 
by lip with arrow reversed. It should be clear that no alternating current 
flows through the center connecting wire, and so it may be omitted. We 
now have the equivalent circuit shown in Fig. 7-45&. Thus the a-c 
operation is the same as that of a circuit with the same total load, fed by 
a tube with twice the amplification factor and twice the plate resistance. 

There is considerable advantage in the omission of Ck where balance is 
important. For example, if the No. 1 tube amplifies somewhat more than 
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does the No. 2 tube because of minor differences in tubes or circuit values, 
the alternating-voltage drop in R k caused by the sum of the two plate 
currents (which are 180° out of phase) will be a small amount, in phase 
with the plate current of the No. 1 tube. This will cancel some of the 
signal to the No. 1 tube and increase slightly the signal to the No. 2 tube, 
thus making the output voltages more nearly equal. An approximate 
formula for the ratio of output voltages with this self-balancing feature 
is given by 

Eic _ Ai 1 — 2(7jk-/Z L )A 2 o 0 x 

E 2o A 2 1 - 2(R k /Zi)Ai U ' 

where the A values are those with R k well bypassed. 

If balanced amplifiers are oper- 
ated with large grid signals, dis- 
tortion of the plate currents occurs. 
This distortion may or may not 
appear in the output. In Fig. 
7-44a a distorted plate current in 
tube 1 will cause a similar dis- 
torted waveform in its output 
voltage, and likewise for the No. 
2 tube. However, if the output 
is taken between the top and bot- 
tom wires, even-ordered harmonics 
in the waveforms will cancel and 
the output will be essentially un- 
distorted. Figure 7-46 shows 
waveforms of vi g , v 2g , i ip , i 2p , Ci P , 
& 2 p, p t 2 pi and B\ p the 

latter being the voltage between 
top and bottom wires. Note its good waveform. 

The circuit of Fig. 7-446 acts in a somewhat different way, but the 
explanation can be made also by Fig. 7-46. As before, the plate currents 
are distorted, although in a slightly different manner. The flux in the 
transformer depends upon the mmf, which is proportional to the differ- 
ence in the plate currents. Since ii p — i 2v has a good waveform, the flux 
and the voltages induced by it in all coils will also have a good waveform. 
In this case, not only the voltage between outside wires but voltages from 
either transformer secondary coil will be low in distortion. This action 
of the transformer is often used in power amplifiers even when balance is 
not needed. We shall study it further under push-pull power amplifiers. 

7-22. Phase Inverters. 5 Devices which deliver two output voltages 
balanced to ground, but with only one input voltage, are called phase 



Fig. 7-46. Waveforms for the balanced 
amplifiers of Fig. 7-44. 
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inverters (or splitters). A transformer with a center-tapped secondary is 
often used for the purpose, especially in cases where a low output imped- 
ance is necessary, as in the driver of a push-pull amplifier which is oper- 
ated class 2, or in other cases where some voltage step-up is desirable. 
The phase-splitting transformer in the latter case comes under the inter- 
stage classification, and if it is of good quality, its response characteristic 
will usually meet moderate bandwidth requirements. For many pur- 
poses it is desirable to avoid the use of a transformer because of its 
restricted bandwidth and because it sometimes produces hum due to 
stray magnetic fields. Adaptations of the .R-C-coupled amplifier supply 
other devices. 

In Fig. 7-47 is shown the circuit of one type of inverter. The No. 1 
tube and its load constitute an ordinary amplifier. Likewise the No. 2 
tube and its load make a similar 
amplifier. The grid voltage for the 
latter should be 180° out of phase 
with that of the No. 1 tube, and 
hence the output voltage of the No. 

1 tube is a good source for it. By 
arranging tap b so that R a b is 1/ A of 
R 0J the proper grid voltage will be 
available for the No. 2 tube. A is 
the numerical amplification of the 
No. 2 amplifier. The output E 2o is changed 180° in phase relative to the 
input to tube 2, and hence E io and E 2o have the proper phase relation. The 
No. 2 tube in this circuit is often called the inverter tube. Unfortunately, 
in the 1-f and h-f ranges 0 A is not the 180° stated above, and the output volt- 
ages are not well balanced to ground. In ordinary a-f amplifiers this is 
not a troublesome matter, but for wider-band operation this is not a very 
good type of inverter. 

The signal to the No. 2 grid really consists of two parts — that furnished 
by Rob and that furnished by R k . If the position of b is exactly correct 
and the a-c plate currents of the two tubes are equal, the signal voltage 
furnished by R k will be zero. If some unbalance exists, R k serves as a 
self-balancer. If position b is determined by experiment, R k should 
be bypassed, during the adjustment, by a large capacitor to prevent the 
self-balancing action. After position b is found, removal of C k will 
ensure an approximately balanced inverter even when old tubes are 
replaced by new ones. 

The idea of R k supplying a signal to the No. 2 tube is used in one type 
of inverter which has a circuit identical with that of Fig. 7-47 except that 
the No. 2 grid is grounded and the connection to tap b is removed. It 
may be shown that if 



inverter. 
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Rk>> 1TTT (7 ' 83) 

satisfactory balance is achieved. Since such a value of R k is likely to be 
too high to give satisfactory bias, the circuit is not particularly successful 
in its simplest form. 

Another inverter circuit is shown in Fig. 7-48. It resembles an ordi- 
nary single-tube amplifier with its load split into halves. E b b is placed in 
the middle to achieve a balance to ground. Since the output voltage E^ 
is in the grid-to-cathode circuit, there is considerable feedback and a loss 
in gain results. 

A simple explanation of the action of this inverter can be had if we 
design one of them. Suppose we want 21 volts rms on each side of the 



output, Ebb = 225 volts, and /1 = 50 cps. If we choose a 6J5-type tube 
and consult the #-C-coupled amplifier chart in a tube manual, we can get 
along quite well. The procedure to be followed depends upon the tube 
manual employed; we shall use the chart in Appendix B for this example. 

Under the type 6J5 we find several designs headed Ebb = 250 volts. 
Any of these designs is satisfactory for use with a plate-supply voltage 
within about ± 50 per cent of the tabular value. Our value of Ebb is 225 
Volts, and the obtainable value of E 0 will be only 22 %so as much as the 
published value for maximum grid drive under class Ai conditions. This 
follows because the grid bias caused by the cathode resistor and hence the 
maximum allowable grid drive both change in approximately the same 
proportion as does E b b if all circuit resistors remain unchanged. To allow 
for this lowered output voltage, we choose a design which lists E 0 as 
25 ^25 X 2 X 21 — 47 volts, or greater. One column which meets this 
condition lists the following circuit values: E b b = 250 volts, Rb = 0.047 
megohm, R g = 0.27 megohm, R k = 2200 ohms, E g = 3.5 volts, E 0 = 52.5 
volts, A = 15, distortion = 4.9 per cent. If we use the resistors as 
listed, the data will be the same except that Ebb ~ 225 volts, E g = 22 % 5 o 
X 3.5 = 3.15 volts, and E 0 = 22 % 50 X 52.5 = 47.2 volts. Since the 
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desired output voltage is only 42 volts, the drive will be reduced to 
(42/47.2) X 3.15 = 2.8 volts and the distortion to (2.8/3.15) X 4.9 = 
4.4 per cent. Because of feedback the actual distortion in the output 
voltage is much less than this figure. 

In Fig. 7-49 the values of R b and R g are shown split in half. To find 
the values of the coupling capacitor, we may use formula (7-31). Thus 
C = l/torR^ft « 1/2 ttRJx = 1/ (2?r x 0.27 X 10 6 X 50) = 0.012 M f. It 
should be noted that 10/i is the lower working limit chosen for the 
amplifier. Since the tube sees two coupling capacitors in series, each one 
should be made twice the size calculated above. Thus in Fig. 7-49 each 
capacitor is labeled 0.025 /xf. 

The total output voltage from both sides being 42 volts, and the gain 
from the chart being 15, the grid voltage for the tube is 4 %5 = 2.8 volts, 



Fig. 7-49. A tube-manual design for a phase inverter. 

as stated above. The voltages are shown in the figure with assumed 
polarity signs. Writing Kirchhoff’s voltage equation for the grid-circuit 
loop yields V g = 21 + 2.8 = 23.8 volts. The gain from the input of the 
amplifier to the output of one side is 21/23.8 = 0.88. 

R k has been bypassed by a large capacitor C but since there is con- 
siderable feedback anyway, the omission of C k would not greatly change 
the voltage gain. 

V g drives a current into the grid lead, most of which flows down through 
the 0.5-megohm resistor. In fact, the voltage drop across this resistor is 
about 2.8 volts, and hence the current is 2.8/0. 5 X 10 6 = 5.6 jua. The 
impedance seen by V g is therefore 23.8/5.6 = 4.3 megohms, or 8.6 times 
the R g (input) value. This high input impedance is characteristic of cir- 
cuits which have negative feedback. In this case the R low for the preced- 
ing stage is practically 4 megohms, and if f x for it is to be 50 cps also, 
Ci = l/2iri2 low / 1 = 1/(2tt X 4 X 10 6 X 50) ~ 0.0008 4* Hence C x « 
0.001 juf will be adequate. 
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This inverter gives an excellently balanced output for high frequencies 
up to very high values. Most wiring capacitances normally are balanced 
on the two sides. However, the heater is ordinarily at ground potential, 
and, the capacitance between cathode and heater being high, some 
unbalance exists on this account unless additional capacitance from plate 
to ground is provided. This is not difficult to do. Because of a high 
internal impedance to E lo and a low internal impedance to E 2o (this is too 
advanced for us to see at the present time) the balance is somewhat upset 
in the very-high-frequency range. However, when circuit values like the 
ones in this example are used, the output voltages are still equal and the 
angle between them only a few degrees away from 180° at 1 Me. 

The principal fault of this inverter is the fact that the cathode is at a 
high a-c potential from ground and the heater is grounded. Because of 
capacitance between heater and cathode and some emission current 
between the two, a power-frequency current flows through R k and R L for 
the lower-half load, causing hum in the output. Hence this inverter 
should not be used where the voltage is very low but should preferably 
be installed immediately before the device which uses its output. By 
careful design it will produce enough voltage to drive push-pull amplifiers 
using most receiver types of power tubes in class ABi. 

7-23. Current Amplifiers. There are a few applications in which cur- 
rent output is a matter of interest. For example, it may be desired to 
actuate a moving-coil oscilloscope from a low-voltage high-impedance 
source. The coil usually has only a few ohms impedance, and around 
100 ma may be needed for full-scale deflection. If alternating quantities 
are to be involved, one solution is an output transformer matching the 
coil to an amplifier tube in such a way that sufficient current flows with 
low distortion. This is essentially a power-amplifier design. 

On the other hand suppose the current from a phototube is to operate 
a 100-ohm relay. The relay closes with 10 ma current flow and opens 
when the current falls to 8 ma. With peak illumination the tube current 
is 5 /xa with no load in series with the tube. With no illumination the 
tube current is zero. The 5-/xa current from the phototube is obviously 
quite insufficient to operate a directly connected relay. What is needed 
is current amplification of, say, 3 X 10~ 3 /5 X 10“ 6 = 600 times to ensure 
reliable operation. 

Continuing, the 100-ohm load on the output tube is so small it may be 
neglected. The quiescent operating point of the tube can be adjusted to 
make I ho = 7.5 ma, so that normally the relay is open. The voltage gain 
A of the tube has no application in this case, but the transconductance 
g m is quite useful, since g m = di b /de c . Thus if g m = 1500 micromhos, the 
required change in grid voltage for the output tube is 3 X 10~ 3 /1500 X 
10~ 6 = 2 volts. This input voltage can be obtained by using an R g resis- 
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tor in series with the phototube and in the grid circuit of the output tube. 
Its value should be 2/ (5 X 10“ 6 ) = 400,000 ohms. This resistor would 
change the current from the phototube only slightly because of the latter's 
very high plate resistance. 

If a current is to be delivered to a small impedance load at the output 
of an amplifier and controlled by a voltage at the amplifier input several 
stages ahead, each stage except the last should be a voltage amplifier, the 
last one being a current amplifier. The ratio of I out /E in may be called g e , 
the over-all-circuit transconductance. It may be expressed in formula 
form as 

g c = AiA 2 • * • An-ig mn (7-84) 



Fig. 7-50. A simple cathode follower. 


g mn is the transconductance of the tube in the nth, or output, stage. 

Current amplifiers operating 
with zero-impedance load give quite 
high distortion, and it is often advis- 
able to use some load to reduce this 
distortion. In this case the com- 
putations can be made in the same 
manner as for a multistage voltage 
amplifier. 

7-24. The Cathode Follower. 6 It is not necessary that the input signal 
always be applied between cathode and grid or that the load be in the 
plate circuit. An interesting and useful example of other arrangements 
is the cathode follower, shown in its simplest form in Fig. 7-50. A rough 
picture of its performance can be gained as follows: Suppose n — 18, 
r v — 10,000 ohms, and Rk — 50,000 ohms. Figured from a grid-cathode 
input to the output, the amplifier is conventional, and the gain is y,Rk/(r p 
+ Rk) = 18 X 50,000/60,000 = 15. Let us assume 1 volt rms applied 
between grid and cathode and that the operation is linear. Then E 0 is 
15 volts, and by KirchhofPs voltage equation V g is 16 volts. These volt- 
ages are shown on the circuit diagram. The over-all gain from input to 
output is only i% 6 = 0.94/0°, the angle being zero because of the choice 
of positive sense for E 0 , it being generally convenient to regard ground as 
being at zero potential. 

An “amplifier" which produces a loss in voltage might occasionally be 
useful for that reason alone, but the cathode follower has other very val- 
uable properties besides, which often make it an object of use in spite of 
the lack of gain. To investigate these, let us assume that the operating 
point has been adjusted to a region of linear operation by taking the bias 
voltage from a proper point on R k or by some other means and that the 
grid swing is small enough to keep operation in this region. If the out- 
put voltage is fed to another amplifier, a coupling capacitor C and a grid 
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leak R g may be needed. Practical circuits are shown in Fig. 7-51, using 
a triode and a pentode. 

For low and middle frequencies the equivalent circuit of Fig. 7-52 
applies to either triode or pentode if it is assumed that Cd is very large. 

The analysis for frequencies high 
enough so that the voltage drop in 
C is negligible is as follows: 

E „ = —%tr- ^ ( 7 ‘ 85 ) 

r v + Rl 

where R L is the value of the parallel 
combination of R k and R g . Also 




Fig. 7-51. Practical cathode-follower cir- 
cuits. 


Eg = V, - E 0 (7-86) 

Hence 


E --dnr 1 ' v - 


Bl 


r p + Rl 


ixE 0 

(7-87) 


or 

p _ M RiSo/{r p + Rl) 

1 + {»R L /(r p + Rl)] 

»R l V b _ W( 1 + »)]R L V g 

Tp + (1 + h)Rl [r p /(l + m)] + Rl 

(7-88) 


The gain is 


E 0 W(l + v)]R l 
v, [fp/( 1 + #*)] + Rl 


(7-89) 


It is easy to show that A mid can never exceed p/(l + /*). It may also be 
shown that the position of the R lg tap on R k has little effect on the ampli- 
fication with ordinary circuit values. 


g k C 



*l 

Fig. 7-52. The equivalent circuit for low frequencies. 


Equation (7-88) suggests another equivalent circuit, valid in the mid- 
frequency range. It is shown in Fig. 7-53 (if we omit C), and it is easily 
verified that, as far as gain is concerned, it gives the result (7-89). In 
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words, the cathode follower gives the same gain as would another tube, 
with plate resistance r p /{ 1 -+- m) and amplification factor j*/(l + p), 
placed in the same circuit, but with the signal voltage applied directly 
between grid afnd cathode, that is, E g = Y g . 

To test whether the equivalence holds further than for gain, one may 
find the internal impedance from the output end by applying E volts to 
the output of each of these circuits and determining the current I which 



Fig. 7-53. A more useful equivalent circuit for a cathode follower. 


flows. Since the current must be due to the application of E alone, let us 
make V ff equal to zero. In Fig. 7-53 the current I is 


and 

i= E + E 

Rl + r p /( 1 + m) 

(7-90) 


Y — I — ^ | ^ 

out “ E ~ R l + r P /( 1 + m) 

(7-91) 

In the circuit of Fig. 7-52, if we let V g equal zero, E ff is not zero, 


and hence 

E„ = -E 

(7-92) 

and hence 

EE- m(— E) /I 1 + A 

1 = R l + r p ~ E \rL + ~TT ) 

(7-93) 


Y - 1 4 - ^ 

ou ‘ " R t + rj{l + p) 

(7-94) 

as before. 

Z„ut, not including R L , is 



Z mt = * - if M » 1 

1 + M 9m 

(7-95) 

In Fig. 7-52 this fact cannot be determined readily by inspection because 
application of a voltage at the output produces a grid voltage, which does 


not occur in the simpler equivalent circuit. 
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The analysis for low frequencies is quite lengthy although the general 
procedure is the same as that above, except that the impedance of C must 
be included. The result obtained using the circuit of Fig. 7-52 is 


low - 1 + (1 /j«CRU 

where 

tv _ i> , Vv/ (1 + m)]& 

K '° w ' + [ r p/(1 +/0 ] + «* 

If fi is the lower half-power frequency, given in formula form 


we may write 


/i = 


1 

torK-C 


Ai ow 


A mid 

1-lUJf) 


(7-96) 

(7-97) 


(7-98) 

(7-99) 


as in the case of an ft-C-coupled grid-driven plate-loaded amplifier. 



Fig. 7-54. The h-f equivalent circuit for a cathode follower. 


Examination of the circuit of Fig. 7-53 shows that R[ ow can be obtained 
directly from it by a simple conversion to a Thevenin's form. It follows 
that the equivalent circuit of Fig. 7-53 is valid for the 1-f range. 

For high frequencies the tube and circuit capacitances cause amplifica- 
tion loss and phase shift. The complete equivalent circuit for this fre- 
quency range is shown in Fig. 7-54. The capacitances involved may be 
lumped into C s h , where 


Csh — Cgk + Cplc + Chk + Cw + Cg (7-100) 


in which the first three belong to the cathode-follower tube. The degree 
of effectiveness of C Q k depends upon the value of Z c . Chk is the heater- 
cathode capacitance, and it is important because the cathode is at con- 
siderable alternating voltage from the grounded heater. C w is the wiring 
capacitance and C g is the input capacitance to the following tube. The 
development is somewhat involved, and only the results are given here. 


Ahigh 


(^W + Y gk) Z/sh 
1 H~ QmZsh 


(7-101) 
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where Y gk is the admittance of C gk and Z 8h is the impedance of the parallel 
combination of C s h , r p , R k , and R g . For circuit values commonly used and 
for frequencies in the useful range (less than f 2 ) the quantity Y,*, can be 
neglected with small error. After considerable manipulation the expres- 
sion for A high simplifies to 

Ahigi = i +wm (7 ' 102) 

as in the case of an ordinary amplifier. The value of A mid is stated in 
Eqs. (7-89) and (7-106). / 2 is the upper half-power frequency, defined as 

f = i 

H 2irR’ ah C ah 

where 

Kh Rl * rjd + m ) 

Figure 7-55 shows a Norton’s equivalent circuit useful for high frequen- 
cies. It is interchangeable with that of Fig. 7-53 if the proper quantities 
are present for the frequency being used. From Fig. 7-55 one may deter- 
mine R’ sh as with an ordinary amplifier circuit. For middle frequencies 


C S h may be neglected so that 



1 


1 4 

E<> = g»NXh (7-105) 

or 

A mid = g m R' ah (7-106) 

$171^ g 


lR k < 
> * : 

V V V V 
<0* 

— p— 


It can be shown that this is identical Fig. 7-55. Another h-f equivalent cir- 
to formula (7-89). cuit for a cathode follower. 

The input admittance to a cathode follower may be obtained by deter- 
mining the current flowing into the input because of the applied voltage 
V g . Its value depends upon the circuit parameters, the signal frequency, 
and the position of the bias tap on R k . For the case of the simple 
cathode-follower circuit of Fig. 7-50, it can be readily proved that 

Y, = MC gp + (1 - A)*?,*] (7-107) 

which resembles the formula applying to an ordinary amplifier. Note, 
however, the differences. 

7-25. Graphical Treatment of Cathode Followers. 7 The treatment of 
cathode followers by means of an equivalent circuit leaves some matters 
in the realm of the unknown. For example, what operating point is 
best, what is the best load to use, how much drive may be applied for 
class Ai operation, and what will be the distortion? 

A graphical method serves very well in these matters and will be 
explained for a triode case. Figure 7-56 repeats the circuit, and Fig. 
7-57 presents the plate characteristics of the 6J5 which is used. 


(7-103) 

(7-104) 
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The d-c load is R k , and assuming E b b = 300 volts, we draw sample d-c- 
load lines, say for 10,000 ohms and for 100,000 ohms. In most cases R g 
is much larger than R ky and these lines are the first approximation to the 
a-c-load lines also. The first item for investigation is the proper operat- 
ing point. If the grid signal is small, almost any operating point not too 




300 200 100 0 —1 00 volts c k 

Fig. 7-57. Graphical analysis of a cathode follower. 

near cutoff and which does not cause excessive plate dissipation will serve 
fairly well, but if it is desired to get the maximum output voltage from the 
amplifier, more care is required. Let us proceed graphically as follows: 

1. Label e k units on the e b axis, using the relation 

e k = Ebb — £b (7-108) 

where e k is the total voltage of the cathode above ground. 

2. Determine the relation between e Qy v g , and e g . This is best done by 
writing the alternating- volt age drop around the grid circuit, thus avoid- 
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ing the determination of the direct- voltage drop across the input-coupling 
capacitor. If we neglect the alternating- voltage drop in C, 

v g = e 0 + e g (7-109) 

3. Relate e 0 and e g to their total and quiescent values, and substitute 
these in Eq. (7-109). 

Co = - E ko (7-110) 

c, = e c - E c0 (7-111) 

v g has zero quiescent value. 

v g = Cfc — Eko + c c — E co (7-112) 

4. The proper operating point for greatest class Ai output makes 
e k = e fcraax on the peak positive swing of v g (v g+miiX ) and e k = e kmin on the 
peak negative swing of v g 0v max ). For e ktnfiX we shall use a value that 
makes e c = 0 and for e kmin , the value corresponding to any arbitrary 
value, usually at or near the cutoff value of e c . We may substitute into 
Eq. (7-112) to obtain two equations 

V 0 + max = “ Eko + 0 ~ E 

Vq _max == ^min T* Cc m j n E c0 

Since 

^0 +max ^9 -max 

we get, upon adding (7-113) and (7-114) and solving for E ko , 

E k „ = _ (e oo - (7-116) 

The quantity in parentheses is rather small compared with the first term, 
and hence 

(7-117) 

5. For the 10,000-ohm-load line e fcmai = 163 volts; e kmin — 0, if we drive 
to cutoff; e Cmin = — 18 volts. Hence E ko = 16 % = 81.5 volts, and from 
Fig. 7-57, Eco = —6.8 volts. Note that E co is not one-half of e Cmin . For 
the 100,000-ohm-load line e* max = 266 volts, e kmin — 22 volts, if we limit 
the drive to e c = —16 volts. Hence E ko = (266 + 22)/2 = 144 volts, 
and E co = —7 volts. 

6. For the 10,000-ohm-load fine Ri = (E co /E ko )R k = (6.8/81.5) X 

10.000 = 835 ohms. For the 100,000-ohm-load line Ri = K44 X 

100.000 = 4850 ohms. 

This is one method for finding the best operating point. In case the 
a-c load differs greatly from the d-c load, a cut-and-try adjustment may 


(7-113) 

(7-114) 

(7-115) 
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be made after finding the tentative Q point, in order to operate between 
the proper limits. 

We may now continue with a more specific example. Suppose R k = 
100,000 ohms and R g = 200,000 ohms. Then R L — 67,000 ohms, which 
differs considerably from the d-c load of 100,000 ohms. If the a-c-load 
line were drawn (it is not shown in the figure) through the tentative Q 
point obtained in procedure 5, the value of e km&x = 260 volts and e kmin = 
50 volts would make E ko — (260 + 50) /2 = 155 volts, which is to the 
left of the tentative Q point. Hence, whenever the a-c load is less than 
the d-c load, we shift to the left, in this case to, say, E ko = 162 volts as a 
trial value. The a-c-load line through this operating point is shown in 
the figure. For it, e kmax = 262 volts, and we can make e fcmin = 62 volts, 
or somewhat more if desired. For the 62-volt value, E ko becomes 162.0 
volts, which is a sufficient check on the trial value. Therefore E ko =162 
volts, E co = — 6 volts, and Ri = 3700 ohms are satisfactory circuit values. 

Equation (7-112) may now be used to relabel the curves of Fig. 7-57 
with input-voltage values corresponding to the various grid voltages. 

For e c = 0, v g = 262 — 162 + 0 + 6 = 106 volts. 

For e c — — 2 volts, v g = 228 — 162 — 2 + 6 = 70 volts. 

For e c = —4, —6, —8, —10, —12, —14, respectively, the values of v g 
are 34, 0, —31, —60, —84, and —104 volts. 

If a sinusoidal input signal of 104 volts peak value is used, the funda- 
mental peak-voltage output will be (260 — 66) /2 = 97 volts [see Eq. 
(6-41)]. The second-harmonic peak-voltage output is (260 + 66 — 2 X 
162)/4 ~ 0.5 volt, and the harmonic distortion is approximately 0.5 per 
cent of the fundamental. 

If the same resistors had been used as a plate load in the amplifier with 
an input signal of 6 volts peak value applied directly to the grid, the fun- 
damental peak output voltage would have been (260 — 83) /2 = 88 volts. 
The second-harmonic peak voltage would have been (260 + 83 — 2 X 
162)/4 = 5 volts. The distortion would then have been approximately 
5.7 per cent of the fundamental. 

Had the a-c load of 10,000 ohms been used in the cathode follower the 
distortion for maximum allowable drive would have been approximately 
2 per cent. Hence, as in the case of ordinary amplifiers, moderately high 
load values are advantageous from the point of view of freedom from dis- 
tortion as well as of allowable output voltage. But in any case the dis- 
tortion for the cathode follower has been found to be low. 

At the operating point for the 67,000-ohm load the value of g m for the 
tube is 1000 micromhos, which makes the output impedance approxi- 
mately 1000 ohms, while, for the 10,000-ohm load, g m is 2600 micromhos 
and the output impedance is about 380 ohms. Thus for low output 
impedance lower loads are required. 
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The simple cathode-follower circuit of Fig. 7-50 is useful for only very 
restricted loads. If the load is too low (less than 1200 ohms for a 6J5 
with E bb = 300 volts), the allowable plate dissipation is likely to be 
exceeded. For loads which are too high the Q point is very near the cut- 
off point, which restricts the input voltage. However, for small input 
voltages this simple circuit will serve very nicely. 

7-26. The Grounded-grid Amplifier. 8 Another circuit variation from 
the ordinary amplifier and one which has considerable usefulness is the 
grounded-grid or cathode-driven amplifier. A simple circuit arrange- 
ment is shown in Fig. 7-58a, in which 
a d-c path from cathode to grid is 
assumed to exist. If the operation 
is assumed to be linear, Fig. 7-58 b is 
the equivalent circuit. 

It is readily shown that the mid- 
frequency gain between input and 
output is 

Amid = + (7-118) 

For low and middle frequencies the 
input impedance for this amplifier is 

z «“-T--tA — (7-119) 

which is very low. This low input 
impedance often makes the gain of the 
preceding stage lower than ordinary 
unless that stage itself has a very 
low internal impedance. The output impedance of the grounded-grid 
amplifier on the other hand is 

Z out « rp (7-120) 

which is relatively high. Note that these characteristics are the opposite 
of those for a cathode follower, which operates with a grounded plate. 

In this circuit the grounded grid acts as a shield between the input and 
output circuits, and most of the current through the interelectrode capac- 
itances, caused by E a , flows to ground via the grid rather than to ground 
via the cathode and input circuit. This eliminates much of the danger of 
oscillation which exists in most triode r-f circuits. 

The commonest application of this circuit is to r-f use, where the effect 
just discussed makes it unnecessary (or at least easier) to neutralize the 
effect of feedback from the load circuit to the input circuit. 




(b) 

Fig. 7 - 58 . A grounded-grid amplifier. 
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7-27. Transformers with Iron Cores. 9 Transformers are useful in 
many ways in electronic circuits. As power transformers they change 
the power-line voltage to other values suitable for plate-, grid-, and heater- 
supply systems. An output transformer makes the load or line 
impedance appear as a suitable value for the plate circuit of the 
power tube. An input transformer is useful with a low-impedance 
voltage source to raise its voltage to a higher level to apply to the grid of 
the first amplifier tube. This results in greater output voltage and also 
reduces the relative noise output caused by the first tube. Interstage 
transformers were once popular because they permitted quite high gain 
with low plate-supply voltage and a low -/x tube. As mentioned in Art. 
5-15, a transformer with a center-tapped secondary can be used as a phase 
splitter. This is particularly useful with push-pull power amplifiers 
which draw grid current, as the apparent impedance 
£ 0 of the source of grid signal may be kept low, thereby 

reducing the voltage loss on grid-current peaks. 

A two-winding iron-core transformer is a four- 
terminal device, which may be represented by the 
symbol shown in Fig. 7-59. The winding connected 
to the energy supply is called the primary, the other 
winding the secondary. Either coil may be used 
as the primary, but let us suppose in this case that the 
coil with N i turns is the primary. 

If a well-designed power transformer of known turns ratio is tested in 
the laboratory, several important observations may be made. (1) With 
a direct voltage applied to the primary, the resistance of the primary wind- 
ing may be determined. (2) With the secondary open-circuited and with 
the primary applied voltage E\ of rated frequency and of magnitude no 
greater than rated, measurements with ammeter and wattmeter indicate 
that the primary current is very small and lags the applied voltage almost 
90°. This indicates the effect of very high inductance and some resist- 
ance, calculations showing the latter to be greater than the winding resist- 
ance determined in test 1. A secondary terminal voltage E 2 may be 
measured, and it will be found that the relation Ei/E 2 = Ni/N 2 approx- 
imately holds. (3) If a variable load impedance Z 2 is connected across 
the secondary terminals, a secondary current I 2 flows, its magnitude being 
very closely proportional to the magnitude of the load admittance. Also 
this current lags E 2 by approximately the power-factor angle of the imped- 
ance. The primary current will be found to be larger now, and it may be 
determined that the size of the increase Ii in primary current is related 
to the secondary current by the approximate relation 7i/7 2 — N 2 /N\. 
This additional primary current, due to the load, lags the applied primary 
voltage by approximately the phase angle of the load. 


Fig. 7-59. A sym- 
bol for a trans- 
former. 
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Now if we neglect the small no-load current determined in test 2 and 
declare the two approximate relations obtained in the laboratory to be 
exact, we have the performance of an ideal transformer. Its working 
rules may be recapitulated as the voltage rule 


Ei = Ni 

E% N 2 


(7-121) 


the E’s being terminal voltages, and the current rule 


h = Nt 
It N i 


( 7 - 122 ) 


the r s being the primary and secondary currents, 
by Eq. (7-122) yields a form 



Dividing Eq. (7-121) 


(7-123) 


where Z x is the impedance seen by the generator and Z 2 is the load 
impedance. 

It should be noted that an ideal transformer draws no primary current 
when the secondary is open. This means that the primary self-induct- 
ance is infinite, and because of the definite ratio of turns, the secondary 
self-inductance is infinite also. There can be no core losses, which would 
require no-load primary current. The currents Ii and I 2 depend only on 
the applied primary voltage, the ratio of turns, 
and the load impedance. Hence there are no 
winding resistances or any capacitance or in- 
ductance effects due to the transformer itself, 
except one, and that is determined by the mutual 
inductance between windings, which causes the 
action expressed by the above equations. It is 
sometimes thought better to represent an ideal 
transformer by the symbol shown in Fig. 7-60 
rather than by the more generally used symbol of Fig. 7-59. The letter a 
represents the ratio N 2 /N 1 . This alternate symbol emphasizes that the 
ideal transformer is another kind of circuit element in addition to resistors, 
inductors, and capacitors, this one being a ratio changer for voltages, 
currents, and impedances. 

An actual transformer never possesses the perfect qualities of the ideal. 
The no-load current, required to supply core losses and to produce an mmf 
to force flux through the core, often is an important part of the total 
primary current, especially when the load impedance is high. The flux 
which produces the counter emf in the primary does not all link with the 


*° I :a * 

or 

_o Aj • A/2 o 


Fig. 7-60. An alternate 
symbol for an ideal trans- 
former. 
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secondary. The nonlinking flux causes inductance effects which are not 
mutual, and these, together with the winding resistances, cause voltage 
losses. 

Figure 7-61 shows one equivalent circuit for a transformer, neglecting 
capacitances and core losses. L i and L 2 are the self-inductances and R p 

and R s the winding resistances of the 
primary and secondary, respectively. 
The two polarity dots indicate that 
S these two coil ends are simultaneously 

V of like polarity. The condition with 

both dots at the same coil ends is 
sometimes called subtractive polarity. 
That with the dots at opposite coil 
ends is called additive polarity. To 
study a transformer it is often desir- 
able to obtain a different form, which may be evolved in the following 
manner : 

If we assume sinusoidal applied voltage and currents, we may write loop 
equations 

E 1 = hi R p + jcola) - hjo>M (7-124) 

E 2 = Ii j»M - I 2 (fi. + icoL 2 ) (7-125) 



Fig. 7-61. An equivalent circuit for a 
transformer. 



Fig. 7-62. Another equivalent circuit for a transformer. 
These may be rewritten as 

Ei = Ii f R p + juLi — jo) — J — I2JC0M + — jo)M 
E 2 = Ii jo)M — hjuMa — I2(I2« + joiL 2 — jwMa) 


or as 


lx = IiKp + Iii« ( l , - M) + (Ij _ 


T , • M 

alzjju — 


M 


E 2 = (Ii — ali)ju a — I 2 [B s + j<s>{hi — ail/)] 


(7-126) 

(7-127) 

(7-128) 

(7-129) 


Figure 7-62 shows a circuit which yields the same loop equations (7-128) 
and (7-129) and hence will serve as another equivalent circuit for the 
transformer. The inductance Li is sometimes known as the magnetizing 
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inductance, while Li — (M/a) and Z, 2 — aM are named the leakage 
inductances L v and L 8 of the primary and secondary, respectively. 

The core losses in a transformer at any fixed frequency are roughly pro- 
portional to the second power of the maximum flux density in the iron 
and hence to the square of the voltage induced by the mutual flux. A 
resistor R c of the proper size con- 
nected as a shunt in the position 
shown in Fig. 7-64 will be subjected 
to this primary induced voltage and 
hence will dissipate power equal to 
the core losses. The proper size 
for R c may be determined very 
closely by an open-circuit test as 

Rc = ^ (7-130) 

r oc 

where E lr is the rated primary volt- 
age (approximately equal to the 
mutual induced voltage) and P oc is 
the power consumed by the primary 
with the secondary circuit open. 

The value of R c so obtained is reliable only for the frequency used in 
obtaining it. 

The effect of interturn or distributed capacitances on the transformer 
performance can be approximated. As measured externally the capac- 
itances seem to be between terminals, and as shown in Fig. 7-63a, six 



( 6 ) 


Fig. 7-63. Distributed capacitances in a 
transformer. 



Fig. 7-64. The effects of distributed capacitances and core loss shown in the equivalent 
circuit. 


quantities may be determined. Usually one end of the primary and one 
end of the secondary are at the same a-c potential, because of grounding 
requirements, and the six values can be lumped into three, which are 
designated in Fig. 7-63fr as C p , C p8 , and C 8 . These capacitances are 
shown in the equivalent circuit of Fig. 7-64. At power frequencies the 
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effect of the capacitances is generally slight, and they are often neglected 
in power-transformer analyses. For supplied voltages of higher audio 
frequencies, however, the ratio of output voltage to input voltage is con- 
siderably dependent upon these capacitances, and their effect should be 
considered in any study of performance at higher frequencies. 

7-28. The Transformer with Load. Transformers which couple a 
power tube to its load, drive class B amplifiers, or serve for ordinary power 
purposes involve secondary load currents which dwarf any current 


R s Ls 



(a) 

Rs A s 

R P L P- a 2 a 2 



Fig. 7-65. Equivalent circuits for a power transformer. 


through the transformer capacitances. Hence the capacitances of Fig. 
7-64 are omitted from this study of power transformers. 

In Fig. 7-65a suppose a generator supplies a sinusoidal voltage Ei to the 
transformer’s primary terminals. Let us consider that Ei has three com- 
ponents, one to supply the drop in R p , a second to supply the reactance 
drop in L P , and a third, denoted by E p , the voltage across M /a or R c . 

Assume a load Z L = R L + jX L to be connected to the secondary ter- 
minals, the load voltage being E 2 . The ratio of N 2 to Ni is designated by 
a , and the polarity, as shown by the position of the two dots, is in this 
case such that both top terminals are positive at the same moment. A 
procedure, which is often convenient in coupled circuits such as this, is to 
change the transformer ratio to unity. This can be done without any 
effect upon the primary circuit if the secondary current is increased a 
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times, brought about by changing the secondary impedance by a factor 
1/a 2 , 1/a times because the voltage has dropped 1/a times, and again 1/a 
times because the current must be raised to al 2 . Since the primary cur- 
rent of the ideal transformer exactly equals al 2 , and the polarities are cor- 
rect, there is no need to show the ideal transformer in the circuit. Figure 
7-656 shows the new form. 

Ii has three components ; al 2 , which supplies the load, a core-loss current 
l c in phase with E p , and a nonsinusoidal magnetizing current 7 m , the 
fundamental component of which lags E p by somewhat less than 90°. 
The latter two currents combined are called the exciting current, and with 
no load on the secondary they are the only currents flowing if we neglect 
capacitance currents. The small exciting current causes very little volt- 
age drop in R p and L p , which are usually quite small themselves, and 
hence E P is practically the same as Ei at no load. As the load impedance 
is decreased from a very high value, an increasing load current flows, 
causing voltage drops in the primary and secondary impedances and 
making E 2 /a lower (if the load is resistive or inductive) than E i. Hence 
the voltage regulation of a transformer from no load to full load is caused 
by the primary and secondary resistances and leakage reactances, and for 
good regulation these should be kept as small as practicable. 

Because the contributions of I c and I m to are small, it is generally 
justifiable under full-load conditions to omit R c and M /a from the equiv- 
alent circuit. Since, for coils wound on the same iron core, the induct- 
ances are proportional to the square of the number of turns, L B /a 2 = L v . 
In the case particularly of a large transformer, it is desirable for high effi- 
ciency to have R s /a 2 — R p , although this is not usually done in electronic 
applications. But if these conditions do hold, the circuit of Fig. 7-656 
allows an approximate relation to be written as 

— = Ei - Ii X 2 (R p + jo>L p ) (7-131) 

a 


and if the values of R v and L p are small enough, it may be justifiable to 
state that E 2 /a = Ei, or 



(7-121) 


Hence Eqs. (7-121) to (7-^23) can be applied to a power transformer, but 
with good approximation only when the winding resistances and leakage 
reactances are small and when Z L /a 2 is very small compared with the 
value of uM/a; otherwise the effect of the magnetizing current cannot be 
neglected. 

An output transformer is a power type of transformer which has an effi- 
ciency usually ranging between 70 and 90 per cent; under these circum- 
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stances the relation of (7-121) is not very reliable. A somewhat better 
expression can be derived from power relations. Let us assume the trans- 
former to be of good design, with the copper losses (half the total) dis- 
tributed equally between the primary and the secondary, and the core 
losses the other half of the total. Neglect the voltage drops due to leak- 
age reactances. Then it can be shown that for the usual range of values 
of efficiency, 


The proof of this statement is left as an exercise for the student (see Prob. 
37 at the end of this chapter). 

In order to avoid excessive magnetizing current, as well as very large 

odd-harmonic components in it, the 
maximum flux density in the iron 
core reached during a cycle should 
be limited to the lower region of the 
knee of the curve of B vs. H , 
approximately as shown in Fig. 
7-66. The allowable maximum 
flux-density value depends upon 
the grade of iron employed. A 
typical path of operation for an 
applied primary alternating voltage 
is shown by the broken-line loop a. 
In some applications the primary 
carries a direct current as well as 
an alternating one, and care must 
be exercised in the design to keep the path of operation in a position 
not greatly higher than that shown by loop b. To do this, it may be 
necessary to have an air gap in the core. 

7-29. The Transformer-coupled Amplifier. 12 If a transformer is used 
for coupling two stages of an amplifier, it effectively isolates the grid of 
the second tube from the direct plate voltage of the first and may also 
cause some voltage amplification because of a step-up turns ratio. If the 
second stage is operated class Ai, its grid draws no conduction current 
and the only load on the secondary is that due to currents flowing through 
the various capacitances. The grid current of the next tube may be said 
to flow through an admittance Y g , which may be calculated using either 
formula (7-12) or formula (7-13), and in any case Y g is practically all 
capacitive for frequencies in the transformer’s useful range. The effect 
is represented by C g in Fig. 7-67. 

Since this circuit is quite complicated, it is difficult to make an exact 



Fig. 7-66. Magnetic operation of a trans- 
former. 
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analysis. However, one may simplify the circuit to yield readily some 
approximate results. First, with subtractive polarity as marked, the 
secondary current will be almost unchanged and the primary current but 
slightly changed if C p8 is replaced by a capacitance C p8 [(a — 1 )/a] in par- 
allel with C s . (If the transformer has additive polarity, the replacement 
value is C ps [(a + 1 )/a], which is larger, and hence additive polarity is 
undesirable.) This follows because the voltage drop across C ps is E 2 — 
Ei, which is approximately (a — l)Ei, whereas that across C 8 is E 2 , or 
approximately aE^ In the same manner as in the previous article the 



Fig. 7-67. An equivalent circuit for a transformer-coupled amplifier. 



Fig. 7-68. Another equivalent circuit for a transformer-coupled amplifier. 

transformer turns ratio may be changed to 1:1, yielding the simplified 
equivalent circuit of Fig. 7-68. In this circuit 

C eq = a 2 (c, + C„ + C ws + C ps - (7-133) 

where C ws is the stray and wiring capacitance to ground in the grid 
lead. 

At this point it is best to subdivide the analysis as in the case of R-C- 
coupled amplifiers. The 1-f range is that in which the shunting effect of 
M /a is enough to affect appreciably the output voltage. The h-f range 
covers those frequencies for which the capacitances and the leakage 
inductances have important effects. For well-designed transformers 
there is a middle range of frequencies for which the amplification remains 
essentially constant, because of negligible shunting by either M /a or the 
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capacitances alone or because of an antiresonant condition of their 
combination. 

In the middle range there is no current flow beyond a usually negligible 
core-loss current, and therefore no voltage is lost. Hence, approximately, 


or 



(7-134) 



(7-135) 



WAr 


The result given by (7-135) was to be expected since the tube is operating 
with infinite a-c load impedance, giving an amplification of n, and the 

transformer multiplies this by the turns 
ratio. 

In the low range also, it is well to 
omit quantities having only secondary 
importance, such as L p> which is small 
compared with M /a. We can also omit 
R c , which is very high for well-designed 
transformers having adequate cores of 
good-quality steel. It is convenient 
also to replace M /a by the almost equal 


a 


Fig. 7-69. Low-frequencye quiv- 
alent circuit for a transformer- 
coupled amplifier. 


value Li.* It follows from Fig. 7-69 that 


—juLi 


r v -f- R p + JojLi 


mV, 


or that 


A - 1? - 


— fxa 


1 “ jVjp + R P )/uLi] 


(7-136) 

(7-137) 


An 1-f marker f h which makes u\L\ — r v + R P} can be used in helping to 
simplify this formula to 

Alow 1 

Amid ~ 1 - jifl/f) 

where 


y- T v + R p 

Jl 2tt Lx 


(7-138) 

(7-139) 


•Proof that M /a » L\:M = k \/ LiL 2 , where k , the coefficient of coupling, can be 
defined for our purpose as the fraction of the primary flux which cuts the secondary 
winding. Lz = a 2 L i, since the inductances of coils on an iron core are proportional 
to the square of the number of turns. Hence a = y/L%/Li and M/a = kLi. For 
k near unity, as in this case, M/a ~ Lu 



VOLTAGE AMPLIFIERS 


219 


Equation (7-138) is identical in form to Eq. (7-33) for the B-C-coupled 
amplifier. 

The simplified circuit for high frequencies appears in Fig. 7-70, where 
C v and the primary wiring capacitance have been neglected to make the 
analysis somewhat simpler without altering the validity significantly. 
New symbols R eq and L eq are defined in the diagram to aid in the simpli- 
fication. Since L eq and C eq are in series, a resonant point will be reached 
at some frequency / 0 and the resulting current flow will tend to be high, 
being limited by R eq only. The output voltage, being the drop across 
C eq , will likewise tend to be somewhat high although not so much so as for 
frequencies somewhat below reso- 
nance where the reactance of C eq is 
greater. Thus if R eq is very low, we 
may expect the curve of gain to show 
a high peak at a frequency somewhat 
below the resonant point. If R eq 
is greater, this peak should be less 
pronounced and for a large R eq value 
the effect may be merely to keep the 
curve from falling so rapidly. 

A more exact analysis may now be made. The circuit of Fig. 7-70 
yields the relation 

E2 \fjoiC eq t j 

T “ R eq +j[a>L eq - (1 /cC eq )]^ B 
or 

. _ E2 _ —fia 

A high - Y g ~ c oC eq [(l/uC eq ) - J + juCe q Re q 


(7-140) 

(7-141) 


J eq 


P a 1 


WVW -jS 

l eq= 7 p+R p + — f 



'T'Ceq 


Fig. 7-70. High-frequency equivalent 
circuit for a transformer-coupled am- 
plifier. 


This complicated expression is considerably simplified by using a marker 
frequency /o defined by uoL eq = 1/wo C eqy or 


fo = 


2tt \/L eq C e 


and a parameter Qg defined as 


Qu — 


Wo L ( 

Reo 


Then 


A-hiirh 


A 

«mic 


(7-142) 


(7-143) 


wC f e g[(wo/cOoC*j(7eg) ((i)o£*)A e g/cdo)] "1" j (ojQioC e qReq/ Qly) 
Amid 

(///o)[(/o//) - WM +JI7fWm 


(7-144) 
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The numerical value of gain in a normalized form is plotted against fre- 
quency in Fig. 7-71. Also the angle d A (for Qq = 1) is plotted as a func- 
tion of frequency in Fig. 7-72. 

2.0 
1.8 
1.6 
1.4 
1.2 

* 1.0 
^ 0.8 
0.6 
0.4 
0.2 

O-'/i fi 10/i O.I^Q f 0 f 

Fig. 7-71. Gain vs. frequency for a transformer-coupled amplifier. 

Examination of the curve of gain in the h-f region shows that the gen- 
eral performance is not very uniform. It is usually satisfactory to assume 
that the range of constant gain extends from 10/i to 0.1/o, except in cases 
where Qq is near 0.8, when / = 0.7 / 0 may be used as the approximate 
upper limit. For Qq = 0.8 and / = 0.7/ 0 one may readily show that 
A = 0.98A mid . 
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The magnitudes and corresponding phase angles associated with the 
gain for various frequencies may be plotted in a polar system as was done 
in Arts. 7-12 and 7-13 in the case of ft-C-coupled amplifiers. The result 



Fig. 7-72. Phase shift vs. frequency for a transformer-coupled amplifier. 

in the case of Qo = 1 is drawn in Fig. 7-73. Such polar diagrams are use- 
ful in studies of feedback. 


7 -30. Parameters in Interstage -transformer Design. While the design 
of an interstage transformer is beyond the scope of this book, we can 
readily pick out what is needed for good performance. For high gain in 
the mid-frequency range, the formula 
A = fia makes it appear that n for 
the tube should be high and that the 
step-up turns ratio be high. But 
there are other important considera- 
tions. The mid-frequency bandwidth 
should generally be as wide as practi- 
cable, making it desirable to have /i 
quite low in value and f Q high in 
value. Since /i = ( r p + R p )/2ttLi, r p 
and R p should both be low in value. 

Examination of the curves of Fig. 

7-71 shows that, for uniform gain over an extended range, a value of Q 0 
near 0.8 is desirable. NowQ 0 = coo L eg /Re q = uJL eq /[r p + R p + ( R s /a 2 )]. 
Unless the designer uses especial care, Q 0 is likely to exceed 0.8, and hence 
it must be kept in mind to try to make L eq small and the denominator 
large. As r p and R p should be low in value in the interests of 1-f response, 
R 9 should be made large. 



Fig. 7-73. Polar diagram for a trans- 
former-coupled amplifier. Q 0 = 1. 
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Returning to p and a , it now appears that only a medium value of /i 
can be used since r v must be low. Let us see about the turns ratio a. A 
high value of L\ usually means a large number of primary turns and, if a 
is large, many more secondary turns. Hence C eq tends to be large, which 
is undesirable. Compromise is necessary, and a value between 3 and 4 
for a is the general practice. The secondary is wound with small-gauge 
copper wire, which makes R s high. 

An important element in C eq is C pe . This capacitance can be reduced 
by shielding the primary from the secondary. To do this, a grounded 
copper or aluminum shield is placed between the primary and the sec- 
ondary windings, taking care that the sheet is insulated in such a way 
that a shorted turn of winding is not formed by it. 



Fig. 7-74. Gain vs. frequency for a good-quality audio transformer. 

The performance of a typical good-quality transformer is shown by the 
curve of A vs. / given in Fig. 7-74. With care in choice of core size and 
quality, coil turns and turns ratio, coil resistances and winding scheme, 
transformers may be made to perform with very uniform gain over a 
wide a-f band, when used with the proper tube. However, the cost of 
such a device is high compared with an R-C coupler, which can give equal 
or better results, especially when used with a pentode. Therefore, except 
for special purposes, interstage transformers are not often used. 

7-31. Narrow -band Amplifiers. 15 The electromagnetic energy radi- 
ated by a radio transmitting antenna lies in a relatively narrow band of 
frequencies. For an a-m broadcast transmitter with a carrier of, say, 
around 1000 kc, the bandwidth is approximately 15 kc, and for an f-m 
transmitter with a carrier of, say, around 100 Me, the bandwidth is 
approximately 150 kc. At the receiver there must be a separation of the 
desired from the undesired signals, and therefore it is an advantage to 
have an amplifier which amplifies over only a relatively narrow frequency 
band. 

The ideal response curve desired is shown in Fig. 7-75. No amplifier 
previously studied in detail performs anything like this. In fact, the 
ordinary K-C-coupled amplifier has almost no output at frequencies 
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greater than a few hundred kilocycles per second, because of the shunting 
effect of the tube and the wiring capacitances. 

7-32. The Single -tuned -circuit R-F Amplifier. In considering an 
R-C - coupled amplifier the idea naturally occurs that it is possible to cancel 
the effect of the shunting capacitance by adding an inductor in parallel. 
Figure 7-76 shows a circuit based on this idea, in which R b has been 
replaced by L. This gives the advantage of a lower d-c load as well as of 
canceling the effect of C at some 
certain high frequency. C may be 
increased above the stray circuit and 
tube values to help in the tuning, 
or, for very high frequencies, the in- 
ductor may be varied and only the 
stray and tube capacitances used. 

The amplification will be high at this 
antiresonant frequency / 0 of L and C 
and will decrease for either higher or 
lower frequencies. The coupling ca- 
pacitor serves only to isolate the fol- 
lowing grid from the high direct plate voltage and has no effect on the 
a-c action of the circuit. Norton’s equivalent circuit for this amplifier is 
shown in Fig. 7-77. r p , R 0) and i R par (the coil’s a-c resistance) have been 
combined into R S h. L and C represent pure reactance elements. 

Equation (7-7) (A = — g TO Z 8ft ) may be used to compute the gain of this 
amplifier, and hence it is necessary only to determine the variation of Z e h 
with frequency to find the amplifier’s response. The admittance of the 
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Fig. 7-75. The response of an r-f am- 
plifier should be like this. 



tuned load. 
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Fig. 7-77. Norton’s equivalent circuit for 
the single- tuned amplifier. 


load on the constant-current generator at the frequency /o is 1/R»h, and at 
any other frequency it may be stated as 


Y ah = 


Rah 


+ j (“ c ~ i) 


(7-145) 


This equation may be put into a more useful form by factoring out 1 /Rah, 
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introducing coo/wo, and using the relation that l/co<>L = o> 0 C. Hence 

1 


Y 3h = 


where 


and 


Rsh 

Rsh 


1 +3 


^ R s fiG}(j)oC CO0-R«/i\ 

OXOqL/J 


\ w 0 
1 + jRshUoC 


( w _ wo\l _ 1 [ ! I yq/ ( f_ _ fo\ 

v„ <JJ R ah L 1 +jQo Vo // 


Wo 


Q'o 


l 

VLC 


lv sh 7> sy 

— Y ~ KshU oL 
woL 


(7-146) 

(7-147) 

(7-148) 


is a convenient parameter. (An explanation of Q 0 appears later in this 

article.) If 6 is a real number, we 
may express any frequency in terms 
of the resonant frequency as 



/ = /o + <5/c 


(7-149) 


from which it follows that S = (f — /o)//o, 
f/fo = 1 + s, and (f/fo) - (fo/h = 
S (2 + 5)/(l + 8). Substituting into Eq. 
(7-146), we obtain 


'o Q 0 ' J o f + Qo f 

Fig. 7-78. Frequency response of 
a single-tuned amplifier. 


Y ‘* = /r 


sh 


1 +jQ 


. n/x 2 + 8 ] 
,Qo 5 1 + sj 


or, since (2 + 5)/(l + 5) = 2 — <5 + S 2 — S 3 + 
less than 6 if 5 < 1, 

y.» = A(i + fiQ'o 8 ) 

Ksh 

and 

rj 1 Rsh Rsh 

sh ~ i + j2Q f 0 8 " 

It now follows that 


A = 


QmRxh A max 

1 +j2Q' 0 d " T + j2Q'a 


(7-150) 

• * • « 2, with an error 
(7-151) 

/ — arctan 2 Q' 0 8 (7-152) 

(7-153) 


where A max = —g m R S h is the value of A for 6 = 0, that is, at / = / 0 . 

We may now plot the frequency-response curve for the single-tuned 
amplifier. This is done in Fig. 7-78. As in the case of the R-C - coupled 
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amplifier, the half-power frequencies may be called /i and / 2 . Since 
obviously there is no extended region of uniform response, it is generally 
convenient to consider the bandwidth in this case to extend from fi to / 2 . 


BW 



_ 1 f _ 1 

Q'o Jo R S kco*C jQ 2 xB*<7 


(7-154) 








par 


It is not possible to obtain an inductance by using a coil without resist- 
ance, and it is hence necessary to consider this resistance to be included 
in Rih. The resistance accounting for 
copper loss in a coil is actually a series 
quantity, but for high frequencies much 
of the resistance is due to losses caused by 
induced voltages in shields, dielectrics, 
and cores. This may be considered as a 
parallel resistor. As a measurement 
usually determines the impedance of a 
coil on a series basis, we may transform 
as follows, using symbols shown in Fig. 

7-79: At any frequency the admittances of the two circuits are equal. 


Fig. 7-79. Series and parallel equiv- 
alents. 


Y = 


1 


Rget JteL g 


Hence 


Ravr ' f“ JCrfLser Raer^ f Eaev Rp ar 
Raer 2 + 0) 2 L ae r 2 


Rp&r 


Re 


T _ R™ r 2 + W 2 L ser 2 

CVL/par — f 

coL aer 


(7-155) 


(7-156) 

(7-157) 


If an alternating voltage is applied to either of the circuits of Fig. 7-79, 
the total current which flows differs in phase from the voltage by an angle 
9. The cosine of this angle, called the power factor, is a useful parameter. 
The tangent of 9 is also often useful and is symbolized by Q. In the par- 
allel-tuned circuit, an applied voltage E causes a current E/R p& r , in phase 
with the voltage, in the R branch and a current E/ wL par , lagging the volt- 
age by 90°, in the L branch. The value of Q — tan 9 would be (2?/wL par ) / 
( E/R v&t ) = /£par/coL par . The same voltage applied to the series circuit 
would make Q = tan 9 == ccL ser /R se r . By substituting Eqs. (7-156) and 
(7-157) into the definition of the Q of a parallel circuit, we may verify the 
relation 


Q = 


Rp 

wL. 


c oL s 

Rse 


(7-158) 


Thus the value of Q obtained from either representation is the same. 
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If R ser <<C o>L aer , that is, if Q has a large value, 

= Q 2Kser = QuL, 

tl'BQT 

and 

Epar ~ Laer 


(7-159) 

(7-160) 


The percentage error in saying L par = L ser is only 100/Q 2 for ordinary 
values of Q. Of the above relations probably the most useful one is 


R 


par 


— QqO)()L — 



(7-161) 


for this gives the impedance of a parallel-tuned circuit at the resonant 
frequency. 

Returning to the discussion of the single-tuned amplifier, the value of 
Qo may be expressed in a different form by using the resonant condition 
and equating admittances, 


or, from Eq. (7-148), 


1 _ !+ 1 + 1 

Rah T p R g QqCOqL 

(7-162) 

1 - 1 + 1 

Q 0 woL Tp Rg Qo woL 

(7-163) 


It should be noted that Q 0 belongs to the coil alone, while Qo belongs to 
the whole circuit. We may solve for Q' 0 . 


Qi = 


l 


woL + i + dU) 


wo L , o>c L 1 
r P R g Qo 


(7-164) 


This formula is not particularly needed to calculate the value of Q' 0 (see 
Example 1 of Art. 7-33), but it is useful in the following consideration: 
If, with a fixed / 0 value, either L or Q 0 of the coil is raised, R v&t is thereby 
increased as shown by Eq. (7-161). Hence R 8 h is increased, and the 
amplification A max is made greater. If this is done by raising the value of 
L and keeping Qo fixed, formula (7-164) shows that Q f 0 decreases and hence 
the bandwidth increases. But if L is fixed in value and Qo is increased, 
(7-164) shows that Qo increases and the tuning is sharpened by the 
decreased bandwidth. Hence in designing an amplifier it is seen that 
bandwidth as well as gain can be planned for. 


7-33. Examples of Single-tuned Amplifiers 

1. Let us use a 6SK7 tube in the circuit of Fig. 7-76. Using values 
recommended by a tube manual, assume E bb = 250 volts, E cAo = — 3 
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volts, E c2o = 100 volts, Ea 0 = 0 volt. Use R 0 = 0.5 megohm. The 
coupling capacitor can be 0.001 /if. For this academic problem assume 
/o to be 796 kc, since co 0 then equals 5 X 10 6 radians per sec, which makes 
the arithmetic easy. A coil having L = 200/ihandQo = 150 is available. 
The required capacitance C, as given by l/wo 2 L, is 200 /t/if, which is easily 
obtained by adjusting a 360-/i/if (maximum) variable capacitor. A tube 
manual yields the information that r v = 0.8 megohm, g m = 2000 
micrbmhos, 7 b0 = 9.2 ma, I c i 0 ~ 2.6 ma. The required Rk resistor is 
3/11.8 X 10- 3 = 254 ohms. A value of R d = (250 - 100)/(2.6 X 10~ 3 ) 
« 58,000 ohms is required. The bypass capacitors Cjt and C d should 
have small impedances compared with Ek and R d} respectively. For (7* a 
value of 0.01 /if having X c = 20 ohms is adequate, while, for C d , 0.001 /if 
with 200 ohms is ample. The Qo for the coil being 150, the equivalent 
shunting resistor for the idealized coil may be computed as E pt%T = Q 0 cooL 
= 150 X 5 X 10 6 X 200 X 10~ 6 = 150 X 1000 = 150,000 ohms, and 
this is the impedance of the parallel combination of coil and capacitor at 
the antiresonant frequency. E sh of Fig. 7-77 being R pAT in parallel with 
r v and R g , it may be computed as (1/0.150) + (1/0.8) + (1/0.5) = 6.67 
+ 1.25 + 2.0 = 9.92 micromhos, or R S h = 1/9.92 = 0.101 megohm = 
101,000 ohms. Hence A max = g m E S h = 2000 X 10~ 6 X 101,000 = 202. 
The value of Qi for the circuit determines the bandwidth (the prime has 
been appended to avoid confusion with the Qq of the coil alone), and it 
may be determined as Q' 0 = R 6h /o>oL = 101,000/1000 = 101. Note that 
this value is lower than that of the coil alone because of the energy- 
absorbing qualities of r v and E g . The bandwidth BW = (l/Qo)/o = Koi 
X 796 = 7.88 kc. The response curve is that of Fig. 7-78 with proper 
numerical values inserted. 

2. For a 6SK7 tube with the operating voltages, resistors, and fre- 
quency of Example 1, what value of L should be used to give a bandwidth 
of 10 kc and what gain can be obtained? Coils with Qq = 150 are 
available. 

Solution. At 796 kc, 


i + ^ + 


R, 


QqojqL 


1 

Rsh 


= and 


Q'o = 


Rah 

co a L 


Therefore 


- + ^ + 


Q'o 


Rsh 


or 


R^ — 


i - (Q'o/Qo) 
(l/rp) + (1/B.) 


Rg 1 QoRsh 

Since BW = / 0 /Q' 0 , Q' 0 = (796 X 10 3 )/10,000 = 79.6. Therefore 
1 - (79.6/150) 1 - 0.531 


Rsh — 


(1/0.8) + (1/0.5) 1.25 + 2.0 


= 0.144 megohm 
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The gain obtainable is A = g m R a h — 2000 X 10~ 6 X 0.144 X 10 6 = 288. 
coo L = Rsh/Q'o = 0.144 x 10779.6 = 1810 ohms, andL = 1810/(5 X 10 6 ) 
= 362 /ch. 

7-34. Other Types of R-F Voltage Amplifiers. The type of amplifier 
studied in Arts. 7-32 and 7-33 has the disadvantage in practice that, if C 

is made variable to adjust the tuning, 
both sets of plates must be isolated 
from ground and they are at high d-c 
potential above ground, making it 
dangerous to use in exposed posi- 
tions. While the latter disadvantage 
boused 80 Tianfefoimei C0U P lm S may may be circumvented, other types of 

circuits are usually favored, it being 
easier to maintain high effective Qo values with them. 

We may use the idea of transformer coupling, and Fig. 7-80 shows an 
elementary circuit of this type. Because of core losses it is often imprac- 
tical to use an iron core for the transformer, and air is ordinarily used for 
the greater part of the flux path, although powdered-iron slugs are some- 
times employed to give high induct- 
ance with fewer turns. Because of 
the small inductance of the coils, the 
load on the first tube is too low to 
give much voltage output if no tun- 
ing is employed. Either the primary 
or the secondary or both may be 
tuned. The tuned-secondary type is 
widely used. If both coils are tuned, 
the tuning process is so complicated 
and critical that the capacitor adjust- 
ments are usually semipermanent and 
the amplifier is used for a fixed r-f 
band only. 

7-35. Tuned -secondary Type of 
R-F Amplifier. The circuit is shown 
in both schematic and equivalent 
forms in Fig. 7-81. In order to simplify 
the analysis, the stray capacitance in the primary and also the capacitance 
between primary and secondary have been neglected. At very high fre- 
quencies this would result in serious error. The transformer polarity is 
not important, but in order to make our analysis definite, it is assumed to 
be as shown by the dots. We can compute the secondary current, and 
it is obvious that the voltage drop in C 2 will yield the output voltage. 
Hence we shall first compute I2. 




Fig. 7-81. (a) Tuned-secondary r-f 
amplifier. ( b ) Equivalent circuit of 
(a). 







VOLTAGE AMPLIFIERS 


229 


As a preliminary step let us consider the simple coupled circuit repre- 
sented in Fig. 7-82. The ratio E 1 /I 1 , called the driving-point impedance. 



Fig. 7-82. Equivalent circuit of a simple coupled circuit, 
can be shown to be 



ZiZ 2 - Z m 2 v Z m 2 

z 2 - Zl z7 

(7-165) 

The ratio E 1 /I 2 , 

called the transfer impedance, is 



7 ZxZ 2 - ZJ 

^12 rj 

"771 

(7-166) 

From the equivalent circuit of Fig. 7-81 



Zi = r v + Ri + j<x>L\ 

(7-167) 


Z 2 = f? 2 + j \0)L 2 — —jy- ) 

(7-168) 


Z,„ = juM 

(7-169) 

Also 

T mV s 

12 = 

(7-170) 

and 

E - ~ h 

0 

(7-171) 

Hence 

E 0 _ M 

V„ Z„j«C* 

(7-172) 

where 




(r^ + jKi + /o>Li)[jK 2 + i(wL 2 — 1/ cuC7 2 )] + a ) 2 M 2 

(7-173) 

^12 — 

juM 

Substituting, 



A — 

—hM/C 2 

(7-174) 

( 

r p + Ri +/o>Z/i)[jK 2 + j(wL 2 — 1/«C*)] + a? 2 Af 2 


We would like to have a graph of A vs. / for/ near/ 0 . Equation (7-174) 
looks formidable. It would be desirable to think of some simplifying 
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approximations, since great accuracy is not a consideration in an affair 
like this. Also a few simplifying substitutions often help in understand- 
ing what is going on. 

Let us list our assumptions as we progress : 

1. r v » |Ei + jwLi\. Hence 


- g m M/C 2 

R 2 + ( w W 2 /r P ) +jWU ~ (l/»c a )] 


(7-175) 


2. Let R' 2 = R 2 + (wW 2 /r P ) as a convenient substitution. 

3. Also introduce co 0 , defined by wo L 2 = l/woC 2 . Then 


or 


~g m oioM /R 2 o)qC 2 

1 j(l/R 2 )[(o)0)oL 2/(^0) — (W0/0JW0C2)] 

/ ^^0^2 

1 + J(woZ/ 2 /i? 2 )[(aj/wo) — (coo/ co)] 


(7-176) 

(7-177) 


4. Let Q 2 = <j3qL 2 / R 2 — l/Jfi^woC^. 


A = 


— ^ m w 0 AfQ' 2 


1 + jQ’JSJ/U) ~ (/o//)] 


(7-178) 


5. Let / = /o + 5/o, as was done in Eq. (7-149). Then (/// 0 ) - (/ 0 //) 
reduces to 5[(2 + 5)/(l + 5)], which is approximately 25 if 5 <3C 1. Hence 


-g m mMQ' 2 
1 + jQ' 2 25 


(7-179) 


6. When / = /o, 5 = 0. For this frequency 

A = A max = —g m co 0 MQ 2 (7-180) 


Thus we have for the amplification for any frequency near the resonant 
value 


A = 


A 

“max 

1 + j2Q 2 5 


(7-181) 


This equation is identical in form to Eq. (7-153) for the previous case. 
The bandwidth is given by 

BW = 757 (7-182) 

V2 


Note also the close similarity between the formulas for A max and for BW 
and those of the former case of Art. 7-32. The curve of A vs. / may now 
be drawn, it being identical with that of Fig. 7-78 if proper numerical 
values are attached. 
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The value of A max is dependent upon M , which is a function of the coeffi- 
cient of coupling. We shall now investigate this fact to discover what 
coupling is best to use to obtain high gain. Since the value of Q' 2 depends 
upon M, we may write 


_ „ n , if __ g m mM(aoL 2 
g m Q 2 u> a M + 


R, 


KM 

+ (coo WVr P ) 


(7-183) 


where K is independent of M. If we set dA mtac fdM — 0, we may be able 
to find the value of M which will make A max the greatest. Doing this, it 
follows that 


k + ^1 


K 


KM = 0 


(7-184) 


or the optimum value of mutual inductance is 


M „ pt 


COQ 


(7-185) 


The coefficient of coupling k , which equals M/y/LiL 2 , has an optimum 
value 


\Zr p R 2 _ I r v R 2 _ 1 

<a 0 y/LiL 2 \ w 0 Li uJL 2 \/Q x Q 2 


(7-186) 


where Qi is the Q 0 of the primary circuit and Q 2 is that of the isolated sec- 
ondary circuit. Under optimum coupling conditions the load seen by the 
tube is, by Eq. (7-165), co 2 M 2 /R 2 = a>o 2 R 2 r p /R 2 o)o 2 = r p , which means 
that the conditions for maximum power transfer are satisfied. 

For pentodes Q i (« woLi/r p ) is usually so small that it is impossible to 
obtain the optimum value of coupling. This is not a matter of great 
importance, however, since the gain is quite satisfactorily high anyway, 
and too high gain per stage makes the problem of stray feedback trouble- 
some. For triodes, which were formerly used in the ante-pentode days, 
and still are in high-power amplifiers, Qi is higher, and the meager gain is 
enhanced by careful adjustment of k. The bandwidth is somewhat 
dependent upon k , but for pentodes to only a slight extent. These points 
are perhaps made clearer by the following example. 

7-36. An Example of a Tuned -secondary R-F Amplifier. For the cir- 
cuit of Fig. 7-81a let the tube be a type 6SK7 with the same operating 
conditions as in Example 1 of Art. 7-33. For Li assume 50 /ffi with a Qo 
of 150 and for the secondary coil L 2 = 200 /zh, Q 0 = 150, tuned by a 
capacitance C 2 to/ 0 = 796 kc. Recall that r v = 0.8 megohm, g m = 2000 
micromhos.' 
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Qi = coo U/r v = 5 X 10 6 X 50 X 10- 6 /0.8 X 10 6 = 312 X 10" 6 ; Q 2 = 
150. Hence k QVt = I/VQ 1 Q 2 = 4.6. Since it is impossible to obtain 
this value and difficult even to approach unity for air-cored coils, let us 
assume that k = 0.6 is attainable. Then M = k\/LiL 2 = 0.6\/50 X 200 
= 60 /ih. 


K = 


«2 + 


coo 2 M 2 


C0°L 2 , co 0 W 2 

Q2 


5 X 10 s X 200 X 10 
150 


-6 


, (5 X 10 6 X 60 X 10- 6 ) 2 , A11 

+ o^ x lo* = 667 + 011 


6.78 ohms 


which is practically the same as R 2 . Hence = uJu 2 /R 2 = 150 approx- 
imately. A mftX — g m Q' 2 G) 0 M = 2000 X 10~ 6 X 150 X 5 X 10 6 X 60 X 
10“ 6 = 90. BW = / 0 /Q 2 = 7 9 /^50 = 5.3 kc. As this bandwidth is 
likely to be too narrow, a secondary coil having a lower Q 0 should be 
chosen. As a result the gain will be lower. Changing k is futile, for 
even if k could be made unity, the bandwidth would be widened very 
little, as may be seen by recomputing Q r 2 . Making the L 2 /C 2 ratio higher 
does not have the effect of making the bandwidth greater as it did in the 
case of the amplifier of Art. 7-32. 

7-37. Double-tuned Transformer -coupled R-F Amplifiers. In Fig. 
7-80 if both the primary and the secondary are tuned, the frequency 
response of the amplifier may be quite different from that of the two cir- 
cuits previously studied. It is not difficult to see that this is probably 
the case. Suppose the primary and secondary to be initially far apart 
and each tuned to a frequency / c . The coils are then moved closer 
together so that a small degree of coupling exists between them. With 
the circuit in operation there will appear a voltage at the output. As the 
frequency of the signal is varied through the value / c , the primary current, 
the secondary induced voltage, the secondary current, and the output 
voltage all pass through a peak at / c . With the coils moved much closer 
together, impedance from the secondary considerably alters the equiv- 
alent primary impedance. For some frequency higher than / c , the sec- 
ondary circuit is inductive and hence the impedance coupled into the 
primary is capacitive [see formula (7-165)]. This alters the primary 
impedance to make it less inductive, thus raising the frequency for max- 
imum response. The same explanation can be made for the action at 
some frequency lower than/ c . Thus two peaks in the frequency-response 
curve appear, there being a dip between them. Figure 7-85 shows three 
performance curves. For a — 0.5 the coupling is loose. For a = 2 the 
coupling is close, and two humps appear. 

Thorough theoretical and design treatments of this type of amplifier 
are available in the literature, but an elementary study is not particularly 
difficult and will be made here. Referring to Fig. 7-80 we shall assume 
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that the only coupling between primary and secondary is inductive 
there is no capacitive coupling between the coils) and that the two coils 
are identical. It is also assumed that 
no current is drawn by the following 
stage. 

As a preliminary step let us find the 
equivalent II for the two coupled coils (see 
Fig. 7-83). Most students find it easier 
to find the T first. As these are fairly 
familiar operations only the results are 
given here. Norton’s equivalent circuit 
for this version of the amplifier of Fig. 7-80 
is shown in Fig. 7-84 a, and its new form 
after replacing the simple coupled circuit 
by a II is shown in Fig. 7-846. This again 
is shown in a simplified form in Fig. 7-84c. 

A pentode tube is being used, and its r p 
is assumed to be infinite. This gives 
the circuit an advantage of symmetry and makes R = R paT = QooioL. 

The impedance of the parallel 
combination of R , C, and L + M 
is labeled Zi. That of the arch 
value (L 2 — M 2 )/M is called Z 2 . 
It should be easy to see that 

Zi 


L+M 


'M 


2 2 

L-M 

M 


\L+M 


Fig. 7-83. Two coupled coils and 
their T and n equivalents. 



C^=: 


9rrtfo 


ri *^2 

L ~M 


mm 

m 




■ 

1 

B 


h g m V„ 2Zi + Zi 

and that 

Eo = — I2Z1 = — gmVg — 


(7-187) 


Zt 


(b) 



(c) 


Fig. 7-84. Double-tuned r-f amplifiers, 
(a) Norton's equivalent circuit, ( b ) the 
circuit in II form, (c) a simplified-version 
of the II form. 


2Zi -J- Z 2 
(7-188) 

Here Z x is the impedance of R, C , 
and L + M in parallel. At the 
antiresonant frequency / 0 of C and 
L + M y its value is R , while for 
nearby frequencies the value is 
given by adapting Eq. (7-152) ; thus 

Zi = — ~ - (7-189) 


1 + j2Qo8 

where 5 is the fractional deviation 
in frequency from / 0 . It should be noted that /o is not the resonant 
frequency of the isolated primary, as the mutual coupling increases the 
effective self-inductance by an amount M. 
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We may express Z 2 as 


_ . L 2 — M 2 U - M 2 jR 

22 = ]U —JT~ = jRu MR = T 


(7-190) 


. here a is a useful parameter, 

M R kLR ^ k ^ k 07 i o i \ 

a ~ «(L 2 - M 2 ) “ »L 2 (1 - A 2 ) “ W F^T 2 ~ Wo I^T 2 U ' ' 


For frequencies near/o, Q is approximately constant at Q 0 , and hence Z 2 
is also approximately constant. 

Substituting these formulas for Zi and Z 2 into Eq. (7-188) yields 


E 0 = -g m V c 


and 


( .. - « . V 

\1 + j2Qo5/ 
2R .E 
1 + j2Qod ^ a 


A = i = 






(1 + j2Q 0 5)(2a + ^ — 2Qo5) 

(7-192) 

OmjRa 


(l+j2Qo5)[l+i(2Q 0 5-2a)] 


(7-193) 


The locus of this equation has symmetry about an axis whose location 
depends upon the value of the parameter a. In order to change this 
equation to a better form for plotting, obvious symmetry is desirable. 
The symmetry is made more apparent if one lets 


Then 

and 
A = 


A = 


g m Ra 


2Q 0 8 = y + a 
g m jRa 


[1 +j(y + a)][l +j(y - a)] 


\/[l + (y + a) 2 ][l + (y - a) 2 ] 


g m Ra 


Vi/ 4 + (2 - 2a 2 )?/ 2 + a 4 + 2a 2 + 1 


(7-194) 

(7-195) 


(7-196) 


Note that y occurs in even powers only, and hence the graph of A from 
(7-196) has symmetry about the value where y — 0, that is, where 5 = 
cl/2Qq. Because of this symmetry A must have a maximum or minimum 
value at y = 0, and there may be other zero-slope values besides. To 
investigate this, let dD 2 /dy = 0, where D is the denominator in Eq. 
(7-196). Then 


iy* + 2(2 - 2 a 2 )y = 0 


(7-197) 
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or 

y = 0, ± aA 2 - 1 (7-198) 

If a — 1, the zero-slope value is given by a triple root y = 0, which 
shows the curve of A vs. / to be very flat near this point. The coefficient 
of coupling k may be evaluated by solving Eq. (7-191) for k , 


j _ —Qq + VQo 2 + 4a 2 
2 a 

which becomes, for a = 1, 

, ___ — Qo + \A?o 2 + 4^1 
2 ~ Qo 


(7-199) 

(7-200) 


This is very loose coupling for the usual Q 0 value. The value of A for 
y = 0 is given by substitution into Eq. (7-196) as 

A = A m „ - ^ (7-201) 


a = 1 and k = 1/Q 0 are called transitional values since a < 1 gives one 
maximum value, while a > 1 gives two maximum values, as will be seen. 
They are also called critical values as they are the lowest values which 
make the amplification the greatest obtainable. 

For the case when a = 1, the bandwidth may be obtained by setting 

the expression for A in (7-196) equal to Q™?. —A an d solving for y } yield- 
ing the value y = ± y/2. Then for y = + y/2, 8 = (1 + \Z2)/2Q 0) 
while for y = — y/2> 5 = (1 —_\/2)/2Qq. Hence /i = / 0 + [(1 — y/%/ 
2Q 0 ]/o, and/ 2 = /o + [(1 + \Z2)/2Qolf 0 . We may now solve for the 
bandwidth as/ 2 — /i. 

BW = (7-202) 

Vo 


Since the bandwidth for the isolated Z\ circuit is/ 0 /Qo, it follows that for 
these conditions, 

BW = y/2 BW„ (7-203) 

For a < 1 the only real zero-slope value is y = 0, and Eq. (7-196) then 
yields 

(7-204) 

Fora> 1 y y = ± y/ a 2 — T are also real values, and for these points 

A = A ma , = (7-205) 
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which is independent of a. At y = 0 formula (7-204) is again 
obtained, but here it is a minimum value ; 


A 

9m & A 



Fig. 7-85. Frequency response of a 
double-tuned amplifier. 


A mia = (7-206) 

The half-power points occur at 
y = ± \^a 2 + 2a — 1, and hence the 
bandwidth is 

BW = Va 2 + 2a - 1 BW 2l (7-207) 

Typical graphs of A vs. y are shown 
in Fig. 7-85. The amplification is 
normalized relative to the value g m R /2. 

The center frequency f c occurs 
where y = 0 and hence, by Eq. 
(7-194), where 5 = a/2Q 0 . Hence 

fc = Ml + 8) = /o (l + (7-208) 


This expression may be simplified. If we use Eq. (7-191) and assume 
fc « 1, 


fc = 


1 + 


2 T V(i + M)C 

1 

2tt V'l + (M/L) 

1 

2tt VLC VC+li 
1 

2tVLC 


2(1 


*_1 

-fc 2 )J 


L +. *- 1 

L ^ 2(1 - A: 2 ) J 


r 1 + _ *— 1 

T 2(1 - fc 2 ) 


2-ir VEC [1 + (fc/2)] V 


( 1 + 

(7-209) 


Thus f c equals the resonant frequency of the isolated primary or sec- 
ondary. This approximation is very good for coupling near the critical 
value and with ordinary coils. 

Amplifiers of the double-tuned type are almost universally used in the 
i-f stages of superheterodyne receivers, where by careful adjustment a 
response curve of suitable height and width and with steep sides may be 
obtained. The value of a is usually chosen slightly greater than unity, 
and the curve is then a fair approximation to the ideal of Fig. 7-75. For 
most i-f transformers the manufacturer permanently adjusts the two coils 
to this condition. The tuning of the coils, performed by adjusting the 
capacitors or the inductors, allows the technician to obtain the correct 
center frequency. With less than critical coupling it may be shown that 
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stagger tuning, meaning the tuning of the primary to a frequency some- 
what below center and the secondary to a frequency slightly above center, 
yields a characteristic somewhat resembling that of the more than crit- 
ically coupled case, and hence the tuning adjustments allow a certain 
amount of bandwidth adjustment. 

7-38. An Example of a Double -tuned Amplifier. A type 6SK7 tube 
is used in a double-tuned r-f amplifier. At the selected operating point 
g m = 2000 micromhos, r v = 0.8 megohm. The transformer has identical 
primary and secondary coils with L = 200 /xh, Qo = 100. The mutual 
inductance M is 4 /xh. The tuning capacitors are equal, and C = 200 yyi. 
The secondary load impedance may be considered infinite. (Usually the 
output i-f transformer in a receiver feeds into a diode which draws some 
current. The foregoing analysis is then somewhat in error.) 

Since r v is very high, its effect will be ignored. We shall find the band- 
width and the gain. The computations are 


k = = _£_ = 0.02 

y/LL 200 

Qok 100 X 0.02 

a 1 - fc 2 1 - 0.0004 

1 




2tt y/LC 2jt y/200 X 10" 6 X 200 X 10~ 12 

f _ 1 1 
Jo ” “ 


= 795 kc 


2tt y/{L + M)C 2tt a/204 X 10" 6 X 200 X 10~ ] 


= 787 kc 


The half-power points occur where y = ± y/ a 1 + 2a — 1 = ± \/7 = 
+ 2.65 or where 5 = (a + y)/2Qo = (2 ± 2.65)/200 = 0.0232, or —0.0032. 
Thus 


fi = 787(1 - 0.0032) = 784 kc and / 2 = 787(1 + 0.0232) = 


BW 


A f c 


805 kc. 

« / 2 - fi = 805 - 784 = 21 kc 

QmRsh QmQ OOJqL 

~ 2 2 

_ 2000 X lO” 6 X 100 X 2 tt787 X 10 3 X 200 X 10~ 6 _ 

2 “ 99 

= A max 2a _ 99 X 4 _ ? 

“ a 2 + 1 “ a 2 + 1 “ 5 
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PROBLEMS AND QUESTIONS 

1. The triode section of a 6AT6 tube is used in the circuit of Fig. 7-86. Rl = 100,- 

000 ohms. E bn = 250 volts, and E co = — 3 volts, (a) Use a tube manual to determine 



values of ho, Ebb , Rk, C gp , C B k, C P k, n, r p , and g m . ( b ) Draw Th6venin's equivalent cir- 
cuit for low frequencies. Assume C* is very large, (c) Find Ai ow . ( d ) Draw Nor- 
ton's equivalent circuit of high frequencies. Assume C w — 15 mm/- Determine the 
total shunt capacitance from plate to cathode, assuming a low-impedance source for 
V g . (e) Determine the gain at 100 kc. (/) What modification should be made in 

Norton’s circuit if the signal frequency is 100 Me? 

2. The gain of an amplifier using a 6AT6 triode is 40.7 /157° at 100 kc. The input 
voltage V g is 2/0°. Find the grid current I ff if the operation is class 1. 

3 . A type 6AU6 pentode is used in a voltage-amplifier circuit. The gain is found 
to be A = 150 /120° at 100 kc. If V B = 0.2 /(P volts, find I ff at this frequency. 

4 . The gain of a certain amplifier is 150 /182° at 1000 cps and 89 /230° at 60 cps. 
Calculate the decrease in voltage gain in decibels. 

5 . A certain crystal microphone under test conditions gives an open-cirouit output 
voltage 50 db below 1 volt. How much amplification in decibels is needed to furnish 

12.5 volts drive for the grid of a 6V6 power tube? 
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6. Figure 7-87 shows a T-type attenuator. Its insertion between the generator and 
the 500-ohm load decreases the power delivered to the load but should not change the 


5O0j 

i i 

Fig. 7-87. 

impedance presented to the generator. Check the design by proving i2 in « 500 
ohms, and compute the decibels loss caused by the insertion. 

7. A two-stage direct-coupled amplifier of the Loftin- White variety is to be designed 
(see Fig. 7-88). For the first stage E bo = 52 volts, E co = —2 volts, I bo = 1 ma. For 
the second stage E bo = 202 volts, E eo — — 10 volts, ho — 1 ma. (a) Connect the 
various leads to the voltage divider, and label the potential (relative to the tube 1 




/50KJI 



Ebb 

Fig. 7-88. 


grid) at each connection. (6) Draw Th6venin’s equivalent circuit for each stage, 
(c) If the grid of the first tube is made 0.5 volt more positive, what change in voltage 
appears across the 100,000-ohm resistor; across the 150,000-ohm resistor? Neglect 
the effect of the voltage divider. For tube 1, \x = 19, r p = 14,300 ohms. For tube 2, 
fx = 18, r p = 22,800 ohms. 

8. Review problem, (a) Draw Th6venin’s equivalent circuit for the amplifier of 
Fig. 7-89. The portion of the cathode resistor which furnishes bias is well bypassed, 
but Ri is not. (6) Write the four equations needed for solving for E 0 . 



Fig. 7-89. 
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9. See Fig. 7-90. (a) Find A for middle frequencies. ( b ) The gain may be increased 

by increasing R b . If this is done and the Q point is kept fixed, what practical difficulty 
arises? (c) If an attempt is made to increase the gain by increasing R b and keeping 
Ebb fixed, what practical difficulty may arise? ( d ) In case ( b ) if R g is large, what 


C =0>0ljLif 



numerical value does the gain approach as R b is made very large? (e) Find the lower 
half-power frequency. (/) If V e — 1/0° volts, find E 0 at frequency /i. ( g ) Although 

the load on the tube increases as the frequency decreases, the gain falls off. State in 
your own words why the gain of an I?-C-coupled amplifier falls off at low frequencies. 
( h ) To improve the 1-f response, should C be increased or decreased; should R g be 
increased or decreased? 

10. Two of the three identical stages of an 72-C- coupled amplifier are shown in 
Fig. 7-91. R 0 — 0.5 megohm, R b — 0.25 megohm, C — 0.02 jff, C w ~ 15 pjif, C<*and 
Ck are very large. E bb — 250 volts, Rk ~ 1200 ohms, Rd — 1 megohm. For this Q 



point r p = 1.5 megohm, g m = 700 micromhos, (a) For the first stage only determine 
R«h, #iow, C»h, fij Amid. (6) Sketch the graph of A vs. / for the two identical stages, 
(c) At what frequencies is the gain of the two stages down 3 db from the mid-frequency 
value? 

11. Determine the input admittance to the first tube of Fig. 7-91 at the frequency 
of 100 kc. 

12. An 72-C-coupled amplifier consists of three identical stages using 6J5 tubes. 

For each stage E bb = 250 volts, R b = 100 kilohms, R 0 — 500 kilohms; Rk = 3900 
ohms and is well bypassed. The coupling capacitor is 0.01 /uf. C w = 12 ^f. (a) 

Sketch the graph of gain vs. frequency for one stage. ( b ) Determine the input admit- 
tance at the upper half-power frequency. 

13. A certain amplifier has fi = 60 cps and / 2 = 500,000 cps. A step voltage is 
applied to the grid, (a) What time is required for the output voltage to rise from 
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10 to 90 per cent of its greatest value? This time is often called the “rise time.” (b) 
What time is required for the output to fall 10 per cent from its greatest value? 

14. A type 6SH7 tube has the following characteristics: C g = 8.5 npi, C ou t = 7 M/uf, 
r. p = 0.9 megohm, g. m = 4900 micromhos. Assume that two of these tubes are used 
in cascade with a coupling capacitor of 0.2 ^f and that C w is 14.5 nvf. (a) What is the 
gain-area criterion for the first tube? ( b ) It is desired that the above tube be used in 
an amplifier which has a nearly uniform amplification from very low frequencies up to 
1.5 Me. This may require a different value of coupling capacitor but does not appreci- 
ably change C w . Approximately what value of amplification per stage may be 
expected? 

15. Compare 7G7, 7AG7, and 6BH6 type tubes as to suitability for use in a video- 
frequency voltage amplifier. 

16. A compensated broad-band amplifier has been constructed with a plate load 

as shown in Fig. 7-356. The quantity Q 2 as defined in Eq. (7-60) has been selected as 
0.44. The upper half-power frequency of this amplifier before compensation is 2 Me. 
For the tube used, g m ~ 5000 micromhos, and r v =0.7 megohm, (a) Determine the 
value of R b if the maximum gain per stage after compensation is 10. (6) If this value 

of Rb is used, at what frequency is the upper end of the mid-frequency band for this 
compensated amplifier? (c) What is the upper half -power frequency of the amplifier 
after compensation? 

17. A wide-band amplifier is to have a flat gain characteristic and a phase shift 
proportional to frequency up to 4 Me. What value of / 2 should be used for the design 
of the uncompensated amplifier? 

18. (a) By inspection you should be able to express E 0 in terms of I and the circuit 
constants for the circuit of Fig. 7-40 when Ri = R 2 ~ R and Ci = C 2 = C. (This is 
a special case.) (6) Now by an extension of the reasoning of (a) you should be able 
to express, by inspection, in terms of I and the circuit constants when R\/Xc x 
— R 2 /Xcf (This is a more general case.) 

19. Figure 7-92 is the same as Fig. 7-42 except that the C-R g coupling is deleted. 
Find the gain at zero frequency and at a high frequency. (The results of this problem 
should help you to understand how 1-f compensation comes about in the circuit of 
Fig. 7-42.) 




20. (a) In the balanced amplifier of Fig. 7-93, what is the potential of point 1 
relative to point 2, with no applied signal? (6) A signal 5 sin c ct volts with polarity 
as shown is applied between the grids of the amplifier. Find the voltage at point 1 
relative to point 2 as a function of time. 

21. Refer to the circuit of Fig. 7-47. Rb = 50 kilohms, R g — 100 kilohms, R k 

— 1000 ohms. Ebb is the proper value to make n = 20, g m = 1500 micromhos. 
Ci = C 2 = 0.01 *if. (a) Determine the mid-frequency gain of each tube and the 
value of Rab • (6) What is the ratio of E 2o /E 1() at the lower half-power frequency if R k 

is well bypassed? (c) Repeat (6) with R k not bypassed. 
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22 . Determine the circuit values for a two-tube type of phase inverter employing a 
6SN7 double triode. Each output voltage is to be 50 volts rms for middle frequencies. 
The lower half-power frequency is 20 cps. Assume Rk is well bypassed to avoid a 
determination of the feedback effect. What value of input voltage is needed? 

23 . Draw the circuit and determine the circuit values for a split-load type of phase 
inverter using a 6J5 tube. Each output is to be 25 volts rms. The lower half-power 
frequency is 20 cps. Assume this to be unaffected by feedback. Will the outputs be 
balanced at 20 cps? What value of input voltage is needed? 

24 . A current amplifier consists of three 6J5 stages. For the first and second stages 
R b = 100,000 ohms, R ff = 300,000 ohms, ju = 20, r p — 15,000 ohms. The load on 
the third stage is practically 0 ohms and the tube operates with /i = 20, g m = 1200 
micromhos. If the alternating grid signal for the first tube is 0.01 volt, what alter- 
nating current flows in the plate circuit of the third tube? 

26 . A current amplifier is to be designed to deliver 1 amp of current to operate a 
heavy-duty relay, with an amplifier input of 0.01 volt. The relay resistance is 
negligible. The output tube is a large power triode with g m = 10,000 micromhos. 
How many stages of voltage gain will be required before the output tube if each stage 
has a gain of 10? 

26 . A 6C5 tube is used as a cathode follower. It is fed by another 6C5 used as a 
conventional amplifier with Z 0 ut = 10,000 ohms. The follower feeds, in turn, 
another conventional amplifier (6C5) having a gain of 14. We are interested in the 
cathode follower, n = 20, r p — 10,500 ohms, Rk = 20,000 ohms, R ff = 500,000 ohms, 
C = 0.01 juf, Cgk — 3.0 jujuf, Cop — 2.0 /i/if, C P k = 11 /i/if, Chk = 12 jujuf, C w = 14 /i/if, 
Ebb = 200 volts. Determine A mi( i, f lf / 2 , C a at / m id, Z ou t at / m id. See Fig. 7-94. 



27 . A 6J5 is to be used in a cathode-follower circuit similar to that shown in Fig. 
7-56. Rk is to be 30,000 ohms. Assume R a y > Rk. Assume the limits on the grid 
drive to be 0 and —16 volts. Ebb = 300 Volts, (a) Label e k units on the axis, and 
draw the load line on a sheet of 6J5 plate characteristics. ( b ) Determine values of 
Ekoy E co , and Ri. (c) Relabel the curves with input-voltage values corresponding to 
the various grid voltages. ( d ) An input signal sufficient to drive the grid to 0 volts is 
used. Determine Ek x m , E kim and the percentage of seoond-harmonic distortion. 
What value of grid drive is needed? 

28 . In Fig. 7-95 the desired operating point for tube 2 is E co = — 6 volts, ho ~ 1 

ma. (a) Determine the operating point for tube 1 and the value of Rk . ( b ) Use the 



Fig. 7-95. 
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plate characteristics, and determine y and r p for each tube, (c) Assume linear oper- 
ation, and draw the equivalent circuit. Determine the value of E a if V lg = 1 volt. 

29 . For an iron-core transformer prove that L p — (1 — k)Li and L„ = a 2 L p . 

30. A transformer-coupled amplifier has the following circuit values: Tube 6J5: 
r p = 7600 ohms, y = 20, C gp = 3 yyi, C g h = 3 yyi, C P k = 4 yyi. Transformer: 
R p = 400 ohms, R s = 4500 ohms, L\ = 15 henrys, C ps = 300 yyi, C p = 10 yyi, C* 
— 50 yyi, k = 99.8 per cent, N 2 /N\ = 3. Both polarity dots are at the top. The 
following stage is a 6J5 with a resistance load and a gain of 15 /180° . The stray and 
wiring capacitance on the secondary side of the transformer is 49 yyi. Compute all 
values necessary to determine A vs. /, and plot the curve. 

31 . Why should an a-f voltage amplifier not use transformer coupling following a 
pentode? 

32 . A 200-jih inductor has an equivalent-series r-f resistance of 10 ohms at 796 kc. 
Determine (a) Qo on a series basis, ( b ) the equivalent shunt resistance at / = /o, (c) 
the equivalent shunt inductance at / = / 0 , ( d ) Qo on a shunt basis. 

33 . For a single-tuned-circuit r-f amplifier, r P = 1 megohm, g m = 1800 micromhos, 
L = 300 /ih, R g = 0.75 megohm, / 0 = 796 kc. If Qo — 125, determine R aft1 A max , 
bandwidth, and the gain at 800 kc. 

34 . An amplifier of the type of Fig. 7-76 has r p = 1 megohm, g m = 1500 micromhos, 
Rg = 1 megohm, / 0 = 796 kc. What values of L and of Qo should be used if BW 
= 20 kc and A max = 150? 

35 . An air-core r-f transformer has L\ = 200 /ih, L 2 — 3200 yh, Ri = 50 ohms, 
R 2 = 100 ohms. The secondary is capacitor-tuned to a frequency of 796 kc. The 
primary is in the plate circuit of a triode for which y. = 20 and r p — 8000 ohms, (a) 
Determine the optimum coefficient of coupling, (b) What is the gain at 796 kc for 
this coupling? (c) What is the bandwidth with this coupling? ( d ) Repeat ( b ) and 
(c) if k — 0.707 is used instead. 

36 . A double-tuned transformer-coupled r-f amplifier is to be designed to have a 

frequency-response curve which is centered at / = 1 Me. The bandwidth of the 
amplifier is to be 14.14 kc. The coupling is to be adjusted to the transitional value. 
(a) What should be the resonant frequency of the two tuned circuits? (Hint: Con- 
sider the center frequency to be the arithmetic mean of fi and / 2 .) (b) Assume 

the resonant frequency of the tuned circuit to be very near 1000 kc. Find the 
approximate Q 0 of the tuned circuit if the bandwidth is to be as stated, (c) If the 
coils used have inductances of 200 and Q o’s of 150, how much resistance must be 
added in parallel with each to bring their Qo values down to 100? (Assume / 0 = 1000 
kc.) ( d ) What will be the gain at the center frequency if the tube used has a g m of 
1800 micromhos? (Assume effective Qo = 100, L = 200 /uh, jo = 1000 kc.) (e) 
Calculate the capacitance of the tuning capacitors if jo = 1000 kc and L = 200 yh. 

37 . Prove the statement of Eq. (7-132). To do this, assume the losses for primary 
copper, secondary copper, and core to be, respectively, P/4, P/4, and P/2. Assume 
a power efficiency r? and input and output voltages E i and E 2 /a, respectively. Start- 
ing with E h compute the currents and voltages for the equivalent circuit in terms of 
P, ri, and Ei) in this way determine an expression for E 2 /a. From this determine a 
relation between E 2 and Ei in terms of a and ij. Hence obtain Eq. (7-132) as an 
approximation. 

38. Derive Eq. (7-52) for the fall in output voltage in a video-frequency amplifier 
caused by charging of the coupling capacitor. 



CHAPTER 8 


AUDIO-FREQUENCY POWER AMPLIFIERS 

8-1. Introduction. In this chapter we shall study vacuum-tube 
amplifier circuits which give a large output voltage of substantially the 
same waveform as that of the input voltage, accompanied by a large cur- 
rent of like waveform, so that there is considerable power delivered to the 
load. The operation really is a power-conversion process, as in most 
cases all of the output power derives from the plate d-c source, under the 
control of the signal voltage applied to the grid. In general the treatment 
can often be made similar to that used for voltage amplifiers, except that 
usually the operation is not linear and therefore graphical or experimental 
procedures give most accurate results. 

Except for details, a power tube resembles a voltage-amplifier tube. 
Power tubes vary in size depending upon the amount of output power 
desired and the efficiency of operation. For a small amount of output 
power a voltage tube may be used. The tubes with the higher power 
ratings need larger anodes to dissipate by radiation the heat derived from 
the energy of the impinging electrons, without making too high a tem- 
perature necessary. For tubes of very high power rating the heat may be 
carried away by convection by an air or a water stream. A second 
requirement for a power tube is a sufficiently large cathode to furnish the 
necessary electron emission. This also means that a relatively large 
amount of heating power will be needed. Small power tubes use oxide- 
coated cathodes, while those of medium power employ thoriated tungsten, 
which will withstand somewhat more ionic bombardment. High-power 
tubes with their very high voltage drops use pure-tungsten filamentary 
cathodes. Tubes of small and moderate ratings may be triodes, tetrodes, 
or pentodes, but for the very high power ratings there is a problem of cool- 
ing the screen grid of the latter two kinds, which makes the triode usually 
preferred. 

In making a choice of tube, the class of operation, which is related to 
the efficiency, must be taken into account. If the very best quality of 
output is required, as in some measurements circuits, it is well to use 
class Ai operation as this renders the output most free of distortion. In 
this connection it may also be advisable to choose a tube of higher power 
rating than actually required, so that the grid drive may be made small 
compared with the maximum allowable and thus decrease the distortion. 
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If the distortion requirements are not so stringent, class Ai operation with 
maximum allowable drive applied may be quite satisfactory. For sound- 
reproduction purposes there is usually no need for very low distortion, 
and a more efficient class of operation such as ABi or AB 2 may be good 
enough, when used with a balanced amplifier of the push-pull type. 
When the a-c power requirement is great enough so that large costly tubes 
are needed, it may be important to operate with the high efficiency of 
class B. Class C operation does not in general render an output wave- 
form which is a replica of the input-voltage waveform and hence is use- 
less for the purposes dealt with here. 

The tube and class of operation having been decided upon, the operat- 
ing point and the load must be chosen. Practically all power tubes 
require quite specific loads for proper operation, and these usually are not 
the ones available. Hence transformer coupling between tube and load 
is almost universal, for lower-frequency operation anyway, although other 
impedance-matching devices are available, particularly at higher frequen- 
cies. An extra advantage of transformer coupling is the low d-c load for 
the tube, making the plate-supply-voltage requirement but little more 
than the tube’s operating voltage. The operating point is usually chosen 
together with the load since they are mutually dependent. The class of 
operation, the allowable distortion, and the plate operating voltage all 
have importance here. 

8-2. Circuit Type and Efficiency Using Class A Operation. If one 

neglects important features for the sake of simplifying an analysis to a 
point where it may be completed with only moderate difficulty, the 
results are bound to be incomplete. They can also be misleading unless 
one realizes that simplifications have been made and that adjustments are 
required in interpreting the results for practical application. This must 
be kept in mind in the idealized analyses which follow. 

For the ordinary power amplifier there is a choice between only two 
basic circuits, one with directly connected load and the other with 
inductively coupled load, ordinarily using a transformer. It has already 
been stated that the latter is the almost universal arrangement, but let 
us give the matter a bit of study, using idealized class A operation in the 
example. 

The plate-circuit efficiency is defined as 



Its value depends upon the type of circuit, the class of operation, the load, 
the operating point, and the amount of grid drive applied. For the 
amplifier of Fig. 8-la with its direct-connected load, the load line is 
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drawn in Fig. 8-16. If no signal is applied, P ac — 0, P bb = E bb I bo , and 
rip = 0. If a grid signal is applied sufficient to make the operation 

between points A and B and no dis- 
tortion is assumed, the formulas of 
Art. 6-16 may be used to obtain 




p = p j — 
1 ac ^ p 1 p 


and 


^mai ^max ^6 


2 a/2 


2 V2 

(8-2) 


P — E bb I b o = Ei 




+ 4r„ir 


'6b 


(8-3) 


[Note that I b „ = (4 ra „ + *» a J/2 only 
in the distortionless case.] Hence 


T] p = 100 


(^max ^&roin) (^inax ^min) 


4 E bb (4 

max + h>mm) 

^g 

Fig. 8-1. (a) A power amplifier with 

direct-connected load. (6) The load The neatest theoretical grid signal 

line for this amplifier. , . , ui vir i a 

which could be applied for class A 

operation would move A and B to positions on the axes. Under these 

extreme conditions 


„ _ 1f)f| ( Ebb 0) (4 ma x 0) _ 0f , C r 7 ' 

^ - 100 44(C + 0) - 25% 


(8-5) 


Since the grid drive used would swing the grid to a high positive value, it 
greatly exceeds practical limits, so that 25 per cent is the upper limit to 
the efficiency of this type of circuit. 

Let us now consider the circuit with inductively coupled load as in 
either of the diagrams of Fig. 8-2. The load line for R L is shown in Fig. 
8-2c. For these circuits suppose Rd c = 0 and hence E bo = E hb . 

The formula for P ae is the same as that given by Eq. (8-2), but the 
input power is 

jp T TP ^nittx ^b m in /Q r*\ 

66 = &bhi ho = &bo - 2 ' V s- ' 3 ; 

and hence the efficiency is 


ri P = 100 


(^6max ^6 m j 0 ) (^bmax ^6 m i n ) 

4^60 (4 ma x + ^min) 


% 


(8-7) 


If a large grid signal is applied which puts both A and B on the axes, 
then i bm&x = 2 I b0 and e bm&x = 2 E bb and the theoretical upper limit to the 
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efficiency becomes 


r\ v = 100 


( 2 E bo - 0 )( 2 I bo - 0 ) 

4iEi,o(2Ibo + 0 ) 


= 50% 


(8-8) 


Thus higher efficiencies are obtainable by using inductively coupled 
loads, though in practice class A efficiencies are not nearly 50 per cent 
because the load required may not give enough power and low enough 


distortion. With pentodes and beam 
curve for e c = 0 is closer to the 
vertical axis than in the case of 
triodes, and hence these tubes sur- 
pass triodes in practical plate-circuit 
efficiency. 

For any of the circuits of Fig. 8-1 
or 8-2 suppose E bb and E cc to be 
adjusted to make the quiescent plate 
dissipation of the tube not exceed 
the allowable limit. If an a-c signal 
e g is now applied, power will be 
delivered to the load. If there is no 
distortion, the average current will 
be unchanged so that the power 
P bb from the plate supply will be 
unchanged. Since Rl is receiving 
more power than before by the 
amount of P ac , it is obvious that the 
tube must be dissipating just that 
much less power. Hence the plate 
dissipation decreases upon the appli- 
cation of a grid signal, its value 
with signal being 


power tubes, the characteristic 




Pp — E bo I bo — Pac (8-9) Fig. 8-2. (a) Shunt feed is used; Xl 

. Rl. ( b ) The effect is the same with a 

In practice this theoretical rela- transformer . (c) Their i oa d line. 

tion is somewhat in error since the 

average current usually differs somewhat from I bo because of distortion. 
And of course it applies only to class A operation. 

8-3. Efficiency with Other Classes of Operation. If the circuit of 
Fig. 8-26 is operated with E cc high enough to just cut off the plate current 
with no signal applied, the operation is class B (see Fig. 8-3). With 
sinusoidal signal applied, the grid-voltage, plate-current, and plate- 
voltage waveforms are shown in Fig. 8-4; the latter two are assumed to 
be half sinusoids. To be practical, a balanced-amplifier arrangement is 
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needed to supply the other half cycle, or a tuned load might be used. 
For the purpose of this discussion let us consider only the power related 



ation. 


to one tube of the balanced amplifier. 


P = I E I = i 

1 ac — 2 1 P 1 V « 


Epmlpm 


2 V2 V2 

(E b b — e bmi Jib max 


1 (gtt, - e hm J (4 maI - 0) 

2 V 2 \/2 


R&& 


— Ebblba = Ebbibjnn-z ~ 
7 T 

inn - ~ 

1UU 4 


max 


10 Q X -^66 ^mio 

4 


( 8 - 10 ) 

( 8 - 11 ) 

( 8 - 12 ) 


If e bmia is made to approach zero, the upper limit to the theoretical effi- 
ciency of a class B amplifier is obtained. 


Vp = ^ X 100 = 78.5% 


(8-13) 


This is most easily approached by using a very high load impedance, in 
which case i bm&x will be small and the power output small. Hence in 
practice it is not desirable to obtain this high efficiency by using a high 
load impedance. Rather, it is usual to drive the grid highly positive to 
the limit of the allowable dissipation of the grid or of the plate or the limit 
of the power of the driver (the signal supply), whichever is least, and thus 
obtain satisfactory power output and high efficiency. 
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From the discussion of this article it is seen that class A operation 
involves low efficiency which cannot exceed 50 per cent and usually is 
much less. Class B operation cannot give efficiencies exceeding about 
78 per cent and can be made to exceed 50 per cent in practice. The 
efficiency in class AB operation is intermediate between these values. 

8-4. Optimum Load and Bias for a Class Ai Amplifier. The load 
impedance which yields the most power output depends upon the condi- 
tions imposed upon the operation. Under light grid-drive conditions, 
when a high-impedance load is not needed to limit the distortion, one may 
determine one answer; when heavy grid drive makes it necessary to watch 
distortion, one obtains perhaps another answer. If E bb is one of the 
parameters, still another result can be 
obtained. We shall discuss what appears 
to be the more important possible 
circumstances. 

We shall first suppose that the operating 
point and the available grid-signal voltage 
are fixed and that there is no appreciable 
distortion . Then the linear-equivalent- 
circuit theorem may be used, and the 
results are easy to obtain. There is even 
some practical use for these results. F or 
perfectly linear performance r p and 
must be constant throughout the cycle 
of operation. This implies straight, 
parallel, and equispaced characteristic 
curves in the plate diagram. In a small 
enough region of the diagram this can 
usually be assumed to be the situation, 
and hence, if the grid-signal voltage is small, the results obtained by 
this method will be fairly reliable. 

Figure 8-5 shows a power amplifier and its linear equivalent circuit. 
Z L is the load looking into the primary, and if the transformer is con- 
sidered to be ideal, this will be a 2 Z. 

mV, mV, 




(b) 

Fig. 8-5. (a) A power amplifier. 
(b) Its linear equivalent circuit. 


ip = 


r p + Z L r p + Z L cos 0 + jZ L sin 0 


since 


Z L = R l + jX L = Z L cos 0 + jZ L sin 0 

r = VV, 

v [(r p + cos 0) 2 + Z L 2 sin 2 0]W 


(8-14) 

(8-15) 

(8-16) 


p = T 27? = M 2 iyz f , cos 0 

' 1 (r, + Z L cos ey + zy sin 2 0 


(8-17) 


Hence 
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P ac will be a mathematical maximum only if 


dP a 
dZ , 


= 0 


and 


dP a 

dd 


- 0 


(8-18) 


The first of these conditions yields 

Z L = r p (8-19) 

and the second condition gives 

d = 0 ( 8 - 20 ) 


Hence Z L should be a pure resistance equal to r v . This, of course, is no 
h 



Fig. 8-6. Operation of a power amplifier with various loads, bias, and drive. 


surprise as it is the usual condition for maximum power delivery for a 
fixed-voltage generator with purely resistive internal impedance. 

Under the conditions of (8-19) and (8-20) the power delivered to Z L — 
r p becomes, upon substituting into Eq. (8-17), 


M 2 U g 2 = 

4 r n 4 


(8-21) 


which indicates that the power is proportional to the square of the grid- 
signal voltage and to the product ng m . Thus fig m may serve as a figure of 
merit for power tubes. 

The conditions imposed in the analysis just completed are usually not 
very practical once. In general it is desirable to design a power amplifier 
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to give the largest possible power output within the set limitations of 
allowable plate dissipation, permissible harmonic distortion, and the 
available plate-supply voltage. The approximate rule yielded by Eq. 
(8-21) shows that high grid drive is important and hence the resulting 
harmonic distortion must become an essential element in the design. 
Distortion due to the flow of grid current through the impedance of the 
grid-voltage source can be obviated by using class 1 operation. Drive 
to zero grid voltage is usually considered to be the limit in this connection, 
and although a small amount of grid current flows for somewhat negative 
values of the grid voltage, there is only a small error made in not limiting 
slightly the grid drive. 

Let us first consider the specific problem of a triode amplifier with E bo 
held at 200 volts while the load resistance, grid bias, and drive are 
changed. In Fig. 8-6 five different bias values are used, and, with grid- 
signal voltage always sufficient to drive to zero, the load in each case is 
adjusted to give 5 per cent harmonic distortion. Table 8-1 shows the load 


TABLE 8-1 


Load line 

E c o 

Rl 

: 

P ae , watts 

Distortion, per cent 

V 

-5.0 

0.9 r p 

1.64 

5 

V 

-6.0 

lAr p 

2.03 

5 

w 

-6.5 

1.95?* 

2.03 

5 

X 

-7.0 

2.6r* 

2.01 

5 

Y 

-8.0 

4. 2r* 

1.53 

5 


in terms of r p and the full-drive power output. It can be seen that the 
load giving maximum power output is apparently somewhat less than 2 r p . 
Evidently under these conditions the load should not be r v . 

It is desirable to obtain a general rule for determining the best load for 
the amplifier. Since the problem is quite complicated, we again resort 
to some idealization of the tube characteristics and hence the solution 
obtained will be only approximate. 

Let us write down our assumptions: 

1. The tube is a triode. 

2. Ebo is fixed in value. 

3. It is noticeable in Fig. 8-6 that, although the maximum values of 
plate current vary widely, the minimum value is not greatly different 
from 20 ma. Therefore, to limit the distortion to a certain amount, the 
value of ib m[n will be considered fixed. 

4. Grid bias, grid drive, and R L are variable. 

5. To simplify the analysis, we shall make a further assumption that 
the characteristic curves are straight, parallel, and equispaced in the 
region above 
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Figure 8-7 gives us a geometric construction to work with. E A is the 
plate voltage corresponding to i min and e c = 0. Recognizing that 



= cot 6 (8-22) 


R l = ~ = cot cf> (8-23) 

we have the geometrical relation 

E ho " E a = ab + be = 2l pm r p -\- 

I pm R L (8-24) 


= frrt (8 ' 25) 


E A E bo e b (E ho — Ea ) 2 

Fig. 8-7. Slightly idealized character- ^ ac ~ ^ ^ L 2(R L + 2 r ) 2 ^ L 
istic curves are used. 

If dPac/dR L is set equal to zero, the 
condition for maximum power is obtained. This process yields 


R l = 2 r, 


The corresponding power is 


(E bo - E A y 

16r* 


(8-27) 


(8-28) 


The optimum grid bias may be estimated by using a formula derived as 
follows: An approximate formula for the amplification factor is 

n ~ — for constant 4, and with small incremental values (8-29) 


Hence 


Ea _ 

2 E c o 

(E bo E A )Sr 1 


2I pm (R L + r p ) _ _ (Ebo — E a )(R l + r p ) 
2Eco (Rl + 2 r p )E co 


4 r p E co 


3 E bo — E A 

4 E C o 


from which 


E co = - 


3 E ho - E , 


(8-30) 


(8-31) 


The value of E A is not generally known. Trials with a 2 A3 tube show its 
approximate value to be between ^ 1 and ^ E bo for 5 per cent distortion. 
Use of the value Q.lE bo for E A gives a formula which is approximately 


E co « - 0.7 


(8-32) 
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It is perhaps important to repeat that these formulas are for a triode, they 
are not very accurate, and they should not be used at all if the plate dis- 
sipation exceeds the allowable limit thereby. For more reliable results a 
laboratory or even a graphical determination is to be preferred. 

8-5. Graphical Determination of the Best Operation for a Class Ai 
Triode Amplifier. Reference to a tube manual will usually determine 
the allowable plate dissipation for a given triode. For quiescent operation 

P p0 = E bo I bo (8-33) 


If the locus is plotted on e b , % axes, it is a rectangular hyperbola. If 
the Q point for the tube is located above this hyperbola, the plate will 
overheat. 

Let us suppose E bo is specified, as it is usually possible to estimate its 
value. If use of formula (8-32) locates Q below the plate-dissipation 
curve, the operating point obtained can be safely used and the results 
obtained by using a load equal to 2 r p should be fairly satisfactory, except 
that the amount of distortion produced may exceed the desired value. 
If, on the other hand, the rule places Q above the curve, it should be 
lowered to a position on the curve, keeping E b0 the same value. Trial 
load lines may now be drawn through Q and determinations of harmonic 
distortion made using formulas (6-42) and (6-41), pursuing a trial-and- 
error method until a satisfactory line is obtained. 

An alternate and generally more satisfactory method of drawing the 
load line for a given amount of distortion is to use a so-called distortion 
rule. The theory supporting this method, which is valid for class Ai 
triode circuits only, depends upon the statement that the allowable 
second-harmonic current can be a certain percentage H of the fundamen- 
tal current. Hence, again using formulas (6-42) and (6-41), we obtain 


^max 1 ^frynin ^ 

2(iw - 4 mi J ~ 100 


(8-34) 


One can clear this of fractions and group 
terms to obtain the relation 


(1 - 0.02 #)(4 max - I bt ) 

= (1+0.02 #)(#*- 4 mi J 

or 

- ht 1 + 0 . 02 # 


Ibt 


1 - 0 . 02 # 


(8-35) 

(8-36) 



Fig. 8-8. Distortion occurs if AT 7 is 
not equal to TB. 


In Fig. 8-8, if AT/TB = (1 + 0.02#)/ 

(1 — 0.02#), relation (8-36) is satisfied 
and full-drive operation of the amplifier will produce # per cent 
of second-harmonic distortion in the plate current. Specifically, if # = 
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5 per cent, the ratio AT/TB = 1. 1/0.9 = To recognize easily this 

relation between segments of the load line, as the load line is turned on the 
T point as an axis, one may make* a rule as shown in Fig. 8-9, called a 
9-11 rule or a 5 per cent distortion rule. From a point labeled 0, mark 
off to the right and label successive in. (or any other convenient unit). 
To the left mark off and label successive in. 



76 54 3 2 1 01234567 

Fig. 8-9. A 5 per cent distortion rule. 


If this rule is used as a straightedge for drawing a load line, with the 0 
placed on T and the larger spaced end of the rule toward higher plate 
currents, the rule can be rotated until the number falling on the e c ~ 0 
curve is the same as the number falling on the e c = 2E ct curve. When 
this occurs, the ratio of lengths will be 11:9, which makes the distortion 
5 per cent. 

Upon applying a signal the operating point for a triode rises to a new 

T point (Arts. 6-7, 6-17), which may 
be above the plate-dissipation curve. 
However, the plate dissipation actu- 
ally decreases upon application of 
the grid signal (Art. 8-2), and so no 
trouble ensues, and unless one 
wishes in the interest of greater 
accuracy to reevaluate the distortion 
using the new T point, its deter- 
mination may be omitted. After 
all it must be remembered that the 
characteristic curves used do not 
very accurately represent any indi- 
vidual tube, and there is no use in 
being particular to the point of 
absurdity. 

After the load line is drawn, the 
values of I Pl and E Pl may be calcu- 
lated, using formula (6-41) and its 
voltage paraphrase. From these the a-c load resistance and the power 
output may be computed. By calculating I ba with the use of Eq. (6-40), 
the input power may be computed and, from that and P ac , the plate- 
circuit efficiency obtained. 

8-6. Designing a Class Ai Triode Power Amplifier Using a Tube 
Manual. For power tubes in common use, a tube manual may be con- 
sulted for advice on proper operating conditions. If it is convenient to 



Fig. 8-10. A conversion chart for power 
tubes. {Adapted from RCA Receiving- 
tube Manual , by permission.) 
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obtain the exact value of plate voltage, the required circuit values can be 
easily computed. If, however, the value of E bo must differ somewhat 
from the published value, the manual may have a conversion chart which 
gives the new operating values. A typical chart is shown in Fig. 8-10. 

The theory underlying this chart is not too rigorous, and hence the 
results are only approximate. By Art. 4-5 the plate current for a triode 
follows an approximate three-halves-power law, 

i b = k(e b + ne c ) H (8-37) 


At any point 


r P 


deb 

di b 


(8-38) 


and since 

= | k(e b + ^)» (8-39) 

~ (e b + /*«.)-* (8-40) 


If we use Eq. (8-32) as an approximation to the proper bias E CO) then as 
E bo is changed, E c0 also changes so that, at the operating point Q, 

r P =~ (E b0 - 0.7 &.)-* = KE b0 ~» (8-41) 


or the values of r v under the new and the published conditions, respec- 
tively, are related, 

4 - (^Y (8-42) 

r, \E'J 

The load resistance bears an approximate linear relation to r P , and hence 


K (EhoY 

Rl \eJ 


The relation for I bo is obtained from Eq. (8-37) as 

77 /EV \34 


ii = (< v 

ho \E bo J 


Since g m = mAp and y. is approximately constant, 


T " (Pi 

Qm \-^ J bo/ 


The relation for grid bias is obtained from (8-32), 

rv rpt 

_£? — 

Eco E b0 


(8-43) 


(8-44) 


(8-45) 


(8-46) 
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The output power is given approximately from Eq. (8-28) by neglecting 


E, 



(8-47) 


Let us continue with P ac as an example. 


, P' ac 5 , El 


(8-48) 


With the vertical axis uniformly calibrated in terins of log {P f a JP ac ) and 
the horizontal axis likewise calibrated in terms of log (El/E bo ) (but 
labeled in terms of P' ac /Pa C and El/E bo , respectively), the locus will be a 

straight line through the origin (log 1, 
log 1), and with sloped. Tocheckthe 
P'ac/Pac ratio for E bo /E bo = 2.5, we 
evaluate % log 2.5 « 0.995, which 
then yields 9.9 as the value of the ratio 
P'ac/Pac . In a similar fashion the other 
graphs of Fig. 8-10 may be justified. 

8-7. Class Ai Amplifiers Using 
Pentode and Beam Power Tubes. 
Figure 8-11 shows hypothetical char- 
acteristic curves for a tetrode power 
tube. To avoid serious plate-current 
distortion, operation in the region 
of the “dip” should be avoided. A low screen voltage gives too low cur- 
rent to yield much power output. A high screen voltage forces operation 
for low distortion to be conducted with very high plate voltages, limiting 
the efficiency severely. This makes it appear that tetrodes of this type 
should not be used for power purposes unless the load is tuned to filter 
out distortion components, though with low screen voltages they might 
be fairly satisfactory as voltage amplifiers. 

Tubes of the pentode type (including suppressorless beam tubes) with 
low screen voltages are likewise unsuitable for power use because of the 
low plate current. The characteristics of a type 6F6 with a high screen 
voltage appear in Fig. 8-12. High power output is now possible with a 
moderate plate-supply voltage. Superimposed on this graph are the 
e c = 0 curves for a 2 A3 triode and a 6Y6 beam tube. Since the theoret- 
ical 50 per cent efficiency is approached more nearly as e bm . n approaches 
zero, the 6V6 is best in this regard and the 2 A3 poorest. A pentode-type 
tube has a higher amplification factor than has a triode of the same g m 
rating because the plate is shielded from the cathode while the control grid 
is not. Hence the pentode-type tubes require less grid drive to change the 



Fig. 8-1 1 . There are better tubes than 
a tetrode for power amplifiers with an 
untuned load. 
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plate current from maximum to zero than does a triode working between 
the same limits. This quality is included in the expression called the 



Fig. 8-12. Comparison of characteristics for tube types 6F6, 6V6, and 2A3. 
power sensitivity, its definition being 



(8-49) 


The optimum load for a pentode-type tube is somewhat more difficult 
to determine than that for a triode. The idealized plate characteristics 
may be drawn as in Fig. 8-13. The 
most power will be obtained if load ^ 
line B is used. For this line 

R l = ~ (8-50) I b0 

^mai 

This rough approximation is gener- 
ally unsatisfactory and a laboratory 
determination or a graphical pro- ^bo e b 

cedure using tube characteristics is Idealized curves for a 

preferable. pentode * 

To determine the proper load to use, let us suppose the operating values 
Ebo and E co are known. A possible Q point has been marked in Fig. 8-12 
for the 6F6 tube. We may now draw several load lines through the Q 
point and for each compute the values of I Pi9 I Pv I P37 E Pl7 E L} and P ac , 
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using the formulas of the (6-52) to (6-56) group and their voltage para- 
phrases. Figure 8-14 gives in graphical form the variation of P ac , per- 
centage second harmonic, percentage third harmonic, and percentage 
total harmonic distortion, vs. R L . For low load resistance values the 
second-harmonic distortion is high because of the crowding together of the 
characteristic curves at the bottom. As the load is made higher, the seg- 
ments at the two ends of the load line become more nearly equal, indicat- 
ing less distortion. A handy criterion for the line position to give zero 



second harmonic is obtained by setting the expression for I P2 [Eq. (6-54)] 
equal to zero, i.e. y 


I pt 


Ur 


+ Umin “ 2 II 


4 V2 


= 0 


(8-51) 


or 


Ur 


— Ibt — Ibt %r 


(8-52) 


As a first approximation I bt can be taken equal to I b0 . Then when the 
two segments of the load line on opposite sides of Q are equal, the second 
harmonic approximately vanishes. Lines corresponding to higher load 
values cross crowded characteristics at their upper ends, and formula 
(6-54) will yield a negative answer. A negative coefficient in a Fourier 
series indicates 180° phase shift relative to terms having positive coeffi- 
cients. If these numbers are plotted above the axis, the second-harmonic 
distortion curve takes on the appearance shown in Fig. 8-14. The other 
desired curves are also shown in the figure. It should be noted that to 
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obtain a power output very near the maximum the total distortion is 
quite high. It is often judged better to sacrifice power in order to get 
more moderate distortion. In fact, the usual practice is to operate near 
the load value which gives minimum total distortion. Fortunately the 
sacrifice in power is not severe in the case of the tube whose characteristics 
are shown. To recognize the proper load to use without the labor just 
involved in this case is not too easy. However, it should be noted that 
the point of zero second harmonic is nearby, the total distortion for this 
load value being but slightly more and the power output being greater. 
Hence the load line which yields the relation (8-51) is commonly used in 
the absence of specific information. 

If the value of E clo is not known, one may proceed as follows. In prac- 
tice i bmin is very close to zero, and 4 max does not differ greatly from the 
value on the e cl ~ 0 curve at the lower part of the knee (point A in Fig. 
8-12). Hence I bo is approximately 4 max /2. With the allowable plate 
dissipation known, E ho may be chosen as any desired value up to the 
maximum limit imposed by this dissipation. With the Q point approx- 
imately located, one proceeds as above to find a suitable load line. 

With the signal applied, the average plate current is given by Eq. 
(6-52). If this is not equal to ho, the T point moves away from Q in a 
manner determined by the method of obtaining grid bias. Should the 
change in current be considerable, the new T point should be determined 
(see Art. 6-17) and a retrial for proper load line made. 

After the load has been determined, it is well to check the screen dis- 
sipation against the allowable value. The dissipation is given by a for- 
mula similar to that for plate dissipation. 


Pg2 = 


^C2r 


+ ^2 min + 2/ 


c2£ 


E, 


c2o 


(8-53) 


The method given above for determining the proper load is laborious, 
and often the recommendations of the tube manual can be followed with 
satisfactory results. The conversion chart of Art. 8-6 is based upon 
triode theory, but the plate current for a pentode also follows an approx- 
imate three-halves power of the screen voltage ; hence if the plate voltage, 
the screen voltage, and the control-grid voltage [see Eq. (8-46)] vary pro- 
portionally, the relative distribution of electrode currents in the tube is 
unchanged and the plate current follows the rule of Eq. (8-44). Hence 
the triode conversion chart is approximately applicable to pentode-type 
power tubes. To the formulas (8-42) to (8-47) must be added one giving 
the new required screen voltage. 
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Thus if one satisfactory set of operating conditions is found in a tube man- 
ual, another satisfactory set with a somewhat changed value of E ho can 
be determined. Note: A check on the plate dissipation should always be 
made if E bo is raised. 

Besides the foregoing difficulties in determining the correct load to use, 
more troubles beset the user of a pentode-type power tube. One is caused 
by the fact that the load may not be constant at all frequencies, this being 
especially the case for loudspeaker loads. For a typical speaker the var- 
iation of impedance with frequency is shown in the graph of Fig. 8-15. 
This variation is largely due to the fact that a speaker is an electro- 
mechanical system which has electrical qualities of resistance, inductance, 

and a small amount of capacitance, 
in addition to dissipative, inertia, 
and spring actions, which to the 
electrical driver appear as more 
of the same electrical qualities, 
respectively. Resonances occur 
near the top left peak and near the 
bottom dip, these being the only 
points at which the equivalent 
impedance is entirely resistive. 
The output- transformer turns ratio 
is usually chosen to make the 400-cps (dip) value of speaker resistance 
appear to be the correct load to the tube. Thus throughout much of the 
frequency range the tube has a load impedance higher than the optimum 
value. For a triode this causes some loss in power (about 11 per cent for 
a twice normal load), but the distortion actually decreases below the nor- 
mal value. However, for a pentode the distortion increases greatly, first 
because of greater nonlinear distortion, and second because different fre- 
quency components of the signal are not amplified the same amount, the 
high frequencies and those around 90 cps being favored the most. This 
means that low frequencies which have their harmonics near 90 cps will 
have an apparent increase in harmonic distortion and also h-f overtones 
in the output will be overemphasized, giving an unnatural sound to the 
output. 

One treatment which tends to cure this effect of changing load is to 
shunt the output transformer primary by a network, usually R-C , whose 
impedance varies with frequency in a manner somewhat to offset the 
changes in speaker impedance. A second treatment is the use of nega- 
tive feedback. As we shall see in a later chapter, this can cancel to a 
considerable degree the distortion produced in the tube by the nonmatch- 
ing load along with distortion due to other causes. 

For a speaker to give good reproduction of transients it needs consider- 



Fig. 8-15. Variation of impedance with 
frequency for a typical loudspeaker. 
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able damping, i.e., a way quickly to dissipate stored energy. In addition 
to that naturally possessed by a speaker there is the beneficial effect of 
the plate resistance of the power tube as seen by the speaker coil through 
the output transformer. The vibrating coil moves in a magnetic field 
and thereby becomes a generator which drives current through any 
impedance shunted across it. The flow of this current dampens the 
movement of the vibrating coil. Naturally, the lower the shunting 
impedance, the greater the damping effect. Figure 8-16 illustrates the 
effective impedance shunting the voice coil of a dynamic loudspeaker for 
a 2A3 triode and for a 6V6 beam tube in typical cases. The output 
impedance for a pentode-type tube is quite high, and the damping effect 
less satisfactory. However, the 
nominal loudspeaker impedance of 
10 ohms, shown in the diagrams of 
Fig. 8-16, rises to many times this 
value at some frequencies, and this 
increases the relative damping. 

The use of negative voltage feed- 
back reduces the equivalent output 
impedance of the tube and offers a 
satisfactory method of increasing 
the damping as well as giving other 
benefits. 

8-8. Parallel Operation of Tubes 
for Greater Output Power. If the 

power output obtained from one tube 
is satisfactory in quality but insuffi- 
cient in quantity, the latter may be 
doubled with a minimum outlay of 
expense and trouble by using parallel operation. If another power tube 
of approximately identical characteristics is added to the circuit and corre- 
sponding electrodes of the two tubes are connected together, the operation 
may be made satisfactory by changing the bias resistor, if cathode bias is 
used, and by changing the output transformer to a different turns ratio. 
For the same bias with double the cathode current, the value of Rk should 
be halved. The plate characteristics for the combination of the two 
tubes may be made by changing the values on the current axis for one 
tube to double their former amount. Thus the equivalent plate resistance 
will be halved, and the required matching load becomes half its former 
value; a new transformer turns ratio should be used to give this. The 
required grid drive is not changed, nor is the harmonic distortion reduced. 

8-9. Push-pull Operation. 1 Under certain conditions more than 
twice the power output may be obtained with no increase in distortion, 




6 V6, r p = 52,00011, R L = 5000 Jl 

Fig. 8-16. A loudspeaker is damped by 
the power tube if the tube's output im- 
pedance is low. 
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if push-pull operation is used. The circuit for a push-pull amplifier using 
triodes with fixed bias is shown in Fig. 8-17. The two grid signals are 
180° out of phase and are usually furnished by a balanced amplifier or by 
a phase inverter of one of the types discussed in Art. 7-22. In all the 
discussion that follows the two tubes are considered to be identical. 

The circuit being almost the same as that of a balanced amplifier 
studied in Art. 7-21, the equivalent-circuit method used there can be 
applied if the grid drive is small enough to assure approximately linear 
operation. This equivalent circuit is shown in Fig. 7-45a and is simplified 
to a more convenient arrangement in Fig. 7-456, in which an equivalent 
tube with plate resistance 2 r p and amplification factor 2 \x operates in a 

series circuit with the entire load 
for both tubes. 

Since the purpose of a power 
amplifier is to obtain a large power 
output, the grids are usually sup- 
plied with large signals which render 
the operation far from linear. The 
equivalent-circuit method is then 
not very good for computing the 
power output and of course useless 
for determining the distortion, even 
if the proper load were known. A 
graphical method is needed. We already have studied successful graphi- 
cal methods for single-sided (one tube or two parallel tubes) amplifiers. 
Let us see what we can do with this push-pull amplifier to convert it to an 
equivalent single-sided one. 

The first thing to do with the amplifier circuit drawn in Fig. 8-17 is 
figuratively to pull both tubes from their sockets. Then we replace, say, 
the No. 1 tube by a new type of tube. If the new tube delivers the same 
power with the same current waveform to the load R as did the two orig- 
inal tubes, then we have successfully reduced the problem to a single- 
sided basis. It then remains to determine the characteristics of the new 
tube, or composite tube as it is called, and go about the familiar part of 
the problem — finding the correct load, the a-c power, the distortion, etc. 
Calculations pertaining to d-c quantities must be made from the char- 
acteristics of the real tubes since the composite-tube equivalence is for 
alternating quantities only. 

In order to find the required characteristics for the composite tube, 
let us start with the output transformer, diagramed in Fig. 8-18. If it is 
of good quality, it may be considered as approximately ideal, and among 
other things the mmf drop due to the reluctance of the iron core may be 
neglected when the full-load currents are flowing. If we do this, the mmf 
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Fig. 8-17. A push-pull amplifier using 
fixed bias. 
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drop (measured in ampere turns) around the magnetic path abcda is 


or 


where 


N it 2b — Nil lb + N 2^2 — 0 


. Ni r . , N\ 

11 = V 2 (il6 ~ t2b) = N* h 


i'b = U& — iib 


(8-55) 

(8-56) 

(8-57) 


i’ b is the current required to flow through half the primary turns Ni in 
order to make ii flow from N<< secondary turns through the load R. Since 
the composite tube feeds into the upper half of the primary turns and no 




Fig. 8-18. The output transformer. 


Fig. 8-19. Circuit with composite tube. 


current flows into the lower half, i' b is the required plate current for the 
composite tube. 

The circuit for the composite tube is shown in Fig. 8-19, it being iden- 
tical with that of Fig. 8-17 except that tube 2 is removed and tube 1 is 
replaced by the composite tube. The circuit is not like the linear equiv- 
alent ones, with which we are familiar, in that the d-c supplies are still in 
the circuit and the currents and voltages are total ones, not just alternat- 
ing components. 

Let us determine the operating conditions for the composite tube in 
terms of those of the original tubes, using primes to indicate composite- 
tube quantities and subscripts 1 and 2 to refer to the respective real-tube 
quantities. Comparing circuits, E' cc — E lcc , and v g = V\ g \ therefore 

e c = e u , (8-58) 

If the waveform and amount of voltage applied to R are to be the same 
with the composite tube as with the original tubes, the flux in the winding 
of the secondary also must be the same as before. Hence the voltage 
induced in Ni must be the same. This was e lp originally and is now e p . 
Hence we may write E' bb = E i&6 , e p = e lp , and therefore 

e b — eib (8-59) 

But it will be remembered that 

= tib tty 


(8-57) 
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which completes the determination of the operating conditions for the 
composite tube. 

The three relations of (8-57), (8-58), and (8-59) are sufficient to deter- 
mine the characteristics of the composite tube, but it is helpful to develop 
better working relations. The operation of tube 1 at any moment is 
related to the operation of tube 2 at the same moment. It is possible to 
change the procedure of determining the characteristics to make the volt- 
ages on tube 1 alone, or on the composite tube alone, since these are the 
same, be a guide in choosing the currents to be subtracted according to 
Eq. (8-57). Since the plate current of a triode, or of a pentode-type tube 
with fixed screen voltage, depends upon the grid and the plate voltages, 
one may write 


where 


i\b — fifiibfiic) 
€\b = Ebo + €ip 


and therefore 


and i 2b — f(e 2 b ,e 2c ) 

(8-f30) 

and 6 2 6 = E b0 + e 2p 

(8-61) 

the primary is the same, 


6ip 

(8-62) 

: E bo “ 6i p 

(8-63) 

) and transposing yields 


2 E bo ~ 6 16 

(8-64) 


which may be used to change the plate voltage of tube 2 to terms of tube 1. 
Also we may write 


But 


e l0 = E co + vig and e 2c = E co + v 2o 


and hence 


V 2 g = — V lg 

6 2 C “ E co Vig 


(8-65) 

(8-66) 

(8-67) 


Adding e lc of (8-65) to e 2c of (8-67) yields 

e lc + 62c == 2 E c0 (8-68) 

which is a handy relation between the instantaneous total grid voltages. 
Let us now substitute e u from (8-65) into i\b of (8-60) and also substitute 
626 of (8-64) and e 2c of (8-67) into i 2b of (8-60). 

i\ b = /( e i6, E co + V\ g ) and — f(2Eb 0 ~ &, E co — v\g) (8-69) 

Then 

4 = f( e 16; E co + v lg ) - f(2E b0 - ei6, E C o - v lg ) (8-70) 
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is the formula which may be used to determine the characteristics of the 
composite tube. To do this, only the characteristics of one of the two 
identical tubes are needed. However, if two curve sheets are available, 
the work is somewhat simplified, particularly in determining the average 
current and the d-c power requirements. 

Since formula (8-70) contains both E bo and E co , it is necessary to know 
these values before the characteristic curves for the composite tube can 
be drawn and of course a new set of curves is needed if the operating point 
is changed. In drawing a characteristic curve for a fixed e c value, several 



Fig. 8-20. Curves for the 2 A3 tube and for the composite tube. 

points are needed unless the curve is straight, which is in general not true. 
Such a curve shows composite-tube current i' h for many values of e' b , and 
the current at each point on the curve is obtained by subtracting the cur- 
rent flowing in the No. 2 tube from that flowing in the No. 1 tube. The 
principal difficulty is in following Eq. (8-70) in matching values correctly. 
The procedure is best illustrated by examples. 

Using 2 A3 tubes, let us first carry out the process with but one sheet of 
characteristic curves (see Fig. 8-20). If we assume a value of E ho equal to 
250 volts, the highest safe value of I bo is 60 ma, since the allowable plate 
dissipation is 15 watts. If we use a-c heating of the filaments, this oper- 
ating point corresponds to a bias of about —44 volts. (The curves on the 
sheet are for d-c heating, in which case the grid already has 1.25 volts 
more bias than is labeled on the curves because the grid return is to the 
negative side of the filament battery.) In order to simplify our problem 
somewhat, we shall use 50 volts bias and neglect the error in curve label- 
ing. We may first construct the curve for e c = —50 volts. The grid 
signal v' g (= Vi 0 ) required to drive to this value is zero, and hence by rela- 
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tion (8-70) the currents of the curve for e 2c — —50 — 0 = —50 volts are 
subtracted from the currents of the curve for e lc = — 50 + 0 = —50 
volts. The No. 1 tube current may be taken at any plate voltage e lb , and 
the No. 2 tube current to be subtracted from it must then be taken at a 
plate voltage 2 E b0 — e lb = 500 — ei b volts. For = 250 volts as the 
first value, i-& = 31 ma. The corresponding value of is also 250 volts 
with = 31 ma, making i b — 0, which we plot against e b = 250 volts on 
the same sheet. Moving now to e\ b = 275 volts where i\ b = 60 ma, and 
to e 2 b — 500 — 275 = 225 volts where iy> = 13 ma, we obtain i' b = 47 ma, 
which is plotted vs. e b = 275 volts. If e lb = 300 volts, i lb — 93 ma, ey, = 
200 volts, f 26 = 2ma, and i' b = 91 ma at e b = 300 volts. For e lb = 325 
volts, e 2b = 175 volts, and = 0; hence the value of i b is the same as ii b 
and in the same position on the curve for 6i c = — 50 volts. A smooth 
curve may now be drawn through the points obtained and continued 
exactly on the curve for e ic = — 50 volts after this curve is once reached. 
The new curve is now labeled e c — —50, 

To draw the curve for e c — —40 volts, we take current values from the 
curves for e lc = — 50 + 10 = —40 volts and e 2c = —50 — 10 = —60 
volts. For e b = 250 volts, e\ b = 250 volts, i i& = 76 ma, and e 2b = 250 
volts, i % & = 7 ma, making i b — 69 ma. For e 2b = 235 = 250 — 15 volts, 
1 26 cuts off, and e lb = 250 + 15 = 265 volts, i\ b = 100 ma. Thus e b = 
265 volts, i' h — 100 ma. In like manner, taking one plate voltage any 
amount less than 250 volts and the other plate voltage the same amount 
more than 250 volts, the currents may be rapidly determined and the 
curve for the composite tube drawn. Several of these curves are shown 
in the figure. 

8-10. The Analysis of the Performance of a Push-pull Amplifier. As 

a second example let us draw in Fig. 8-21 the curves for a composite tube 
replacing two 2A3 tubes operating with E bo = 300 volts and a fixed bias 
of E co = — 60 volts. Since the curve sheet for the No. 2 tube has been 
inverted and placed below that for the No. 1 tube with the axis markings 
for 300 volts matched, the values of e b which are used together are always 
found together in a vertical line. For example, when e\ b — 300 — 50 = 
250 volts, 6 2 6 should be 300 + 50 = 350 volts, and these values will be 
found to match so that it is necessary only to read current values above 
and below the value e b = 250 and subtract them to obtain i r h . The 
arrangement also makes it easy to extend the characteristic curves for the 
composite tube to negative values of i b . We may now rapidly complete 
the drawing of the curves. 

Examination of these characteristic curves for the composite tube in 
Fig. 8-21 shows the characteristics to be fairly straight and parallel, and 
the spacing is also much more uniform than for any real tube. Digressing 
a bit, if values of grid bias progressively more negative than —60 volts 
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Plate volts 



Plate volts 

Fig. 8-21. Composite characteristics for two 2A3 tubes in class ABi push-pull. 
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are used, the characteristics become both increasingly bent and not so 
uniformly spaced. For a value of E co — — 80 volts, which is the bias for 
exact class B operation, the composite-tube characteristics are almost 
identically those of the two real tubes as shown, for example, by the orig- 
inal curves of Fig. 8-21. 

Returning to our example, for amplifier operation with composite char- 
acteristics so nearly ideal as these, the distortion even for full class 1 drive 
is of course quite small. Since the curves are almost parallel, any load 
line drawn through the operating point, E ^ = 300 volts, E' co = — 60 volts, 
will be cut in the same proportions by the characteristic curves and the 
distortion is almost the same for all loads. Furthermore, if the load line 
corresponding to a certain load crosses the curve for e c = 0 anywhere near 
its upper extremity, the position of this intersection is unchanged by 
moderate changes in bias. This is true because, if a new value of E' co is 
adopted, not greatly different from —60 volts, new characteristic curves 
may be drawn but the one for e' c — 0 will have the same position in its 
upper part. With i' bm(a . and i hmiD (= — ij max ) remaining the same and the 
load unchanged, the power output remains constant. Hence it appears 
that changing the bias (and corresponding drive) a moderate amount 
does not affect the power output, nor does changing the load affect the 
distortion greatly. An approximate rule for choice of load under these 
conditions is to let R' l = r' p [Eq. (8-19)]. This means that the trans- 
former turns ratio may be chosen to make the impedance looking into the 
upper half of the transformer appear to be equal to r P . A tentative load 
line corresponding to this amount has been drawn in Fig. 8-21. 

This rule for choice of load line may be challenged, for it is important 
to check the plate dissipation with full drive applied against the allowable 
amount. In this case the first step is to obtain the a-c power output of 
the amplifier, which is that of the composite tube. From the graph of 
Fig. 8-21 we obtain i' bmta = 260 ma, C in = “260 ma, 4 max = 423 volts, 
e Lin = 177 volts. Since the distortion is small, the simpler formula (6-41) 
and its voltage paraphrase suffice for this approximate determination. 


423 - 177 0.260 + 0.260 

2 a /2 2\/2 


= 16 watts 


(8-71) 


The path of operation of the composite tube is of course the load line. 
That for the No. 1 tube may be obtained by plotting points showing 
corresponding values of e lc and e lb) remembering that e lc = e c and e lb = e b . 
This path of operation is shown in Fig. 8-21. 

The approximate value of the average current through tube 1 may be 
obtained by using formula (6-52). Here i b max = 260 ma, iy 2 = 132 ma, 
i-y^ = 6 ma, i bmin = 0, and hence 


Ilba = 


200 + 2 X 132 + 2 X 6 + 0 


= 89 ma 


6 


(8-72) 
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The power furnished by the plate supply to tube 1 and its load is 


P bb — E bb I Ua = 300 X 0.089 = 26.7 watts (8-73) 

This makes the plate dissipation of tube 1 


Pip = 26.7 — = 18.7 watts (8-74) 


which exceeds the allowable value of 15 watts. 

In push-pull amplifiers with fixed bias the average current is often con- 
siderably more than the quiescent value, and an early step in a design 
should be a check on the plate dissipation with full grid drive applied. 
This applies to class A amplifiers as well as to the more efficient classes. 
As a consequence of this great variation in average current with ampli- 
tude of grid signal, power supplies with good regulation characteristics 
are required in all cases of fixed-bias operation. 

We may now continue our example and choose a more suitable load. 
This is a trial-and-error process, and the results of using a load of 750 
ohms for the composite tube are worked out here. The load line is drawn 
and labeled in Fig. 8-21. The corresponding path of operation of the No. 
1 tube is also drawn. For the composite tube fj, max = 200 ma, e£ max = 450 
volts, e bmin =150 volts. Hence 


P 


ac 


450 - 150 0.200 + 0.200 

2 V 5 2 V2 


= 15 watts 


(8-75) 


For the No. 1 tube 4 max = 200 ma, i# = 108 ma, i~y 2 - 17 ma, 4 min = 3 
ma. Hence 


I 


Iba 


200 + 2 X 108 + 2 X 17 + 3 

6 


= 75.5 ma 


(8-76) 


and the power furnished the No. 1 tube and load by the plate supply is 
3 4P hb = 300 X 0.0755 = 22.6 watts (8-77) 


The plate dissipation of tube 1 is therefore 


Pip = 22.6 — 1 % = 15.1 watts (8-78) 

Accepting this as a satisfactory value, the composite-tube load of 750 
ohms is retained. The plate efficiency is 


_ Pac _ 15 

Vp P bb 2 X 22.6 


33% 


(8-79) 


The second-harmonic distortion is zero, since by Eq. (6-42) 

200 - 200 - 2 X 0 




= 0 


4 


(8-80) 
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A formula for the percentage of third-harmonic distortion is obtained by 
dividing Eq. (6-55) by (6-53). Upon substituting values we obtain 


3d harmonic = 


200 - 2 X 97 - 2 X 97 + 200 
2(200 + 97 + 97 + 200) 


X 100 = 1.0% (8-81) 


This value will be increased somewhat in practice if the regulation of the 

plate power supply is imperfect. 

Figure 8-22 shows waveforms of 
quantities associated with this example. 

The 750-ohm load for the composite 
tube results in an effective plate-to-plate 
impedance looking into the whole trans- 
former primary (with tubes removed 
from their sockets) of 4 X 750 = 3000 
ohms. If one consults a tube manual 
for recommended operating values, the 
loading is usually given in plate-to-plate 
form. Sufficient turns ratio in the out- 
put transformer should then be used to 
give this impedance value. The actual 
impedance load on each individual tube 
varies widely during the cycle as can be 
seen by noting the variation in the slope 
of the operating curve. At the positive 
extreme of grid swing the load is 
approximately 750 ohms, when e c — 
— 60 volts the load is 1500 ohms, while 
when e c = — 120 volts the load is very 
high. The actual distortion in each 
individual tube is very high, but this 
fact is of no great importance. 

8-11. Bias Values and Loads for 
Various Classes of Operation in Push- 
pull. In the example of Art. 8-10 the operation with the first load chosen, 
R' l = r p , is class ABi since the plate current of each tube is cut off for a 
part of the cycle. This load value causes tube overheating, and a new 
load of greater ohmic value is chosen which gives satisfactory operation. 
Examination of the path of operation of the No. 1 tube in the latter case 
shows the operation to be class Ai. As far as distortion in the output is 
concerned, it makes little difference whether the operation is class Ai or 
slightly ABi and the designer ordinarily needs to give the matter no great 
attention. 



Fig. 8-22. Waveforms associated 
with the example of Art. 8-10. 
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In cases where the rule Ff L = r p can be safely used it is sometimes 
desirable to choose a bias value which results in a particular class of oper- 
ation. The limiting bias value for class Ai operation may be readily 
approximated. Assume the composite characteristics are straight and 
parallel and that the line for e c = 0 follows the curve for e lc = 0 in the 
region where the load line crosses it. For e lc = 0 it is approximately true 
that 



iib = ke lh M 

(8-82) 

and therefore 

= JL e -H 

di lb 3 k lb 

(8-83) 

which gives the value of 

r' p if we let e lb = e bmin . 




(8-84) 

It is also true that 

E b o ^&min j^>/ yj 

^max 

(8-85) 

or 

E b o e b m i n 2 

ke bm Ji 3 k gVi " 

(8-86) 

whence 

ffcuim = %Ebo 

(8-87) 

It follows that 



= 2j Ebo — /'iEbo = 1.4 Ebo 

(8-88) 


This relation holds quite well for class Ai push-pull amplifiers and even 
for class ABi as long as the characteristics are approximately ideal. It 
does not hold if R f L = r p is not the load used. 

Under the restriction stated, the bias for class Ai operation may be 
any value between that suitable for single-tube operation (see Arts. 8-4 
and 8-5) and half the value bf grid voltage which cuts off the plate current 
of the No. 1 tube at e bmax — lAE bo given by Eq. (8-88). Full grid drive 
will then never cause the plate current of either tube to be zero over any 
portion of the operating cycle. In the example of Art. 8-10 the highest 
bias for class A x operation is about —58 volts. Between this value and 
— 80 volts, the value which cuts off the plate current at E bo , the operation 
is class AB. Operation with bias higher than —80 volts is unsatisfactory 
because of the very high distortion produced, unless a filter such as a 
tuned load is used to eliminate the harmonics. 
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8-12. Push-pull Operation Using Cathode Bias. Cathode bias may 
be employed in push-pull operation as shown in Fig. 8-23. The advan- 
tages are threefold: the difficulty of arranging for a fixed-bias supply is 
avoided, and the need for a plate power supply of very good regulation is 
eliminated since the plate current does not vary greatly with signal ampli- 
tude. It is safer for the tube since the average current cannot rise 
greatly. 

In order to operate with the same quiescent values as in the example of 
Art. 8-10, the value of cathode resistor needs to be 

K * - TKT - iTxTOo - 750 ohms (8 - 89) 



Fig. 8-23. A push-pull amplifier em- 
ploying cathode bias. 


If a plate-to-plate load of 3000 ohms is used as before and it is first 
assumed that the average current is 75.5 ma with full grid drive applied, 

the bias rises to (75.5/40) X —60 
= —113 volts. With only 60 volts 
peak grid drive applied, the tube is 
cut off considerably more than half 
the time, showing that the average 
current cannot be 75.5 ma. One 
might guess that with full grid excita- 
tion it rises from the quiescent value 
of 40 ma to 45 ma. Then the bias 
rises from —60 volts to 4 ^o X —60 
= —67.5 volts. With this new trial 
bias one may construct an entire 
new set of composite characteristics, calculate the average current, and 
check against the assumed value of 45 ma. Then one needs to check the 
plate dissipation and the harmonic distortion, probably discard the load 
for another more suitable one, and do all the work over again. To make 
a long story short, the process of graphically analyzing the performance 
for cathode bias is not easy, and it is perhaps better to determine the best 
load by laboratory methods. Generally speaking, the distortion becomes 
considerably higher, and to reduce it, a higher load should be used than 
for fixed bias. The amount of power output is usually reduced with the 
new load. If desired, a tube manual may be consulted for recommenda- 
tions for cathode-bias operation, but unfortunately no data are given for 
many of the popular varieties of tubes despite the fact that cathode bias 
is the usual condition of operation. 

8-13. Class B Amplifiers. When a large amount of power at audio 
frequencies is needed, as, for example, in modulating the output of a radio 
transmitter, class B operation is used. A properly designed amplifier of 
this class can deliver kilowatts of a-f power at efficiencies approaching the 
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optimum of 78.5 per cent and with distortion as low as with ordinary class 
A amplifiers. 

While any power tube useful in class A or class AB can be operated in 
class B, the tubes which perform best in this service are high-/* triodes. 
Some of these are designed to operate with zero bias, and while this opera- 
tion is actually class AB 2 , the quiescent plate current is so small that it 
is often labeled class B. Most larger class B amplifier tubes use negative 
grid bias sufficient to reduce the quiescent plate current to almost zero. 

In general the procedure for class B design parallels that for any other 
push-pull a-f power amplifier, the principal difference being the necessity 
for furnishing grid power. Also there is no reliable rule for choosing a 
proper load except to use a trial-and-error method. Even though the 
distortion is low, the rule of Art. 8-4 for using R' L = r v does not apply. 
That rule was for the case of negligible distortion, a fixed operating point, 



Fig. 8-24. A class B amplifier and its driver. 


and a fixed drive. In this case, however, the operating point is fixed but 
the drive is limited by the relation of e bmin to e Cmax (e 6min /e Cmax is called p, 
and this matter is further discussed in item 5 below) . An analysis can be 
made, using idealized plate characteristics, which shows that the load 
should be 


K 


-p—/ 

P+H p 


(8-90) 


for maximum power output. Use of this formula, however, generally 
gives values of plate dissipation which are too high. Since there is no 
simple relation for correcting the load to lower the plate dissipation to 
just the allowable amount, it is necessary to proceed by trial and error. 
In general, a load resistance greater than that given by formula (8-90) 
gives lower power output but less plate dissipation and higher plate 
efficiency. 

The class B case will be further explained by means of an example. 
Figure 8-24 shows a circuit diagram for the class B output stage and its 
driver. 
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1. For the output stage let us use a pair of RCA type 830-B power 
triodes. For each tube E ff = 10 volts, Iff — 2 amp, n « 25. Maxi- 
mum E bo = 1000 volts, maximum I ba = 150 ma, maximum P p = 60 
watts. 

2. Let E b0 = 1000 volts. 

3. Figure 8-25 shows the plate characteristics for a type 830-B tube. 
The composite-tube plate characteristic which passes through its operat- 
ing point is not yet drawn. However, it will be approximately parallel 
to those for somewhat less negative grid voltages, which are identical for 
both the composite and the No. 1 tubes. Hence we can determine an 
approximate average plate resistance of the composite tube by deter min- 
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Fig. 8-25. Class B operation with an 830-B tube. 

ing the reciprocal of the slope of, say, the e c = 0 volt curve. This is 
approximately 6500 ohms in this case. By Eq. (8-90) the theoretical 

X 6500 = 480 ohms. We have 

assumed p = 2 for reasons explained in item 5. 

4. We may now draw a load line (a) for E' l = 480 ohms, through the 
point determined by e b = 1000 volts, i b = 0. This is half the operating 
curve for the composite tube. It is also the operating curve for the No. 
1 tube during the active part of its cycle if the operation is exactly class B. 

5. We now choose a value for the maximum drive point P. On the 
left side of the plate characteristics is drawn the locus of e b = e c , called the 
diode line. To the left of this line the grid voltage exceeds the plate volt- 
age, and operation here is unsatisfactory. Even somewhat to the right 
of the diode line the spacing of the plate characteristics and the high grid 
current are likely to result in excessive distortion and grid heating. It is 
not uncommon to limit the drive to a condition where e b equals two or 
more times e c . The locus for e b = 2e c {p = 2) is shown as the right-hand 


optimum load is R' L = 


(2 + 25) 
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limiting curve. We shall use this condition for this example, and the 
maximum drive point P then yields i bm&x = 1.3 amp, e 6min = 375 volts, 
and c Cmax = 187 volts. Since the plate current is approximately a half 
sinusoid, we can compute for 
the No. 1 tube: P hb = E bb I ba = 

&(4 ma » = 1000(1.3/71-) = 414 
watts. Pac = I Pi 2 Rl = (4 max /2) 2 
Rl = (1.3/2) 2 X 480 = 203 watts. 

P p = 414 — 203 = 211 watts, 
which greatly exceeds the allow- 
able value of 60 watts. 

6. As a second trial load let us 
use R! h = 2800 ohms, which is 
0.43r;. 

7. A load line (6) for R' L = 2800 ohms has been drawn in Fig. 8-25. 
Again using p = 2, we obtain 4 mftX = 0.3 amp, e bmin = 160 volts, e Cmax = 
80 volts. For the No. 1 tube, P bb — 1000(0.3/7r) = 95.4 watts, P ac = 

(0.3/2) 2 X 2800 = 63.0 watts, and 
P p — 95.4 — 63.0 = 32.4 watts, 
which is less than 60 watts. Hence 
we shall continue the computations 
for operation with this load. 

8. We can pick values from this 
operating path of the No. 1 tube and 
plot a dynamic transfer characteris- 
tic as in Fig. 8-26. The value of grid 
bias required to cut off the plate 
current is approximately —37 volts, 
and operation with E cc equal to this 
value gives exact class B, Figure 
8-27a shows the shape of the resulting 
dynamic transfer characteristic for the 
composite tube. It is readily seen 
that the distortion produced by such 
operation will be severe. On the other 
hand, if the grid bias is made 
somewhat less negative, the linearity 
of the dynamic transfer character- 
istic is improved. For E cc ~ — 25 volts, the value obtained by projecting 
the linear portion of the characteristic upon the grid-voltage axis (called 
the projected cutoff value), the shape of the dynamic transfer character- 
istic for the composite tube is shown in Fig. 8-276. Note its excellent 
linearity. While operation with projected cutoff value of bias is actually 




Fig. 8-27. The dynamic transfer char- 
acteristic for the composite tube (a) if 
exact cutoff bias is used, (6) if ex- 
tended cutoff bias is used. 


Plate 


amperes 



volts 

Fig. 8-26. Dynamic transfer characteristic 
for a type 830-B tube with E b0 ~ 1000 
volts, Rl = 1950 ohms. 
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class AB, when high-/* tubes are employed it is near class B and is gen- 
erally so called. We shall use E co = —25 volts. 

9. We obtain the following values for the operation of the composite 
tube: = 0.30 amp, i b f min = —0.30 amp, iy z (occurring at e c = +27.5 

volts) = 0.16 amp, i = —0.16 amp. Hence by using formulas (6-55) 


and (6-53) we obtain 
Percentage of 3d harmonic = 


100(0.30 - 0.32 - 0.32 + 0.30) 
2(0.30 + 0.16 + 0.16 + 0.30) 


2.17 


Reduced grid drive may result in less distortion although this is not a gen- 



Plate voltage 

Fig. 8-28. Grid-current plate-voltage curves for type 830-B tube. ( Courtesy 
of RCA.) 

eral rule. However, in this case let us assume the value obtained is 
satisfactory. 

10. Since the distortion is low, the assumption, used in item 7, that the 
plate-current waveform is sinusoidal is valid. Hence 

P ac — 2 X 63.0 = 126 watts for two tubes 
P bh = 2 X 95.4 = 190.8 watts for two tubes 
P p = 32.4 watts for one tube 

126 _ fKf\07 

Vp 190.8 66 ^ 

This efficiency is quite good but P v is low and probably a lower load resist- 
ance should be tried. 
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11. We next determine values of e c corresponding to values of cat during 
the cycle, assuming e\ g = 105 cos cot volts. Figure 8-28 shows the grid- 
current plate-voltage family of curves for this tube. From it we can 
determine values of i c corresponding to the same values of cot. These 
values are tabulated in Table 8-2. 


TABLE 8-2 


0)1 

0° 

15° 

O 

O 

CO 

45° 

60° 

75° 

90° 

105° 

120° 

135° 

150° 

165° 

180° 

e g , volts 

105 

102 

91 

74 

53 

27 

0 

-27 

-53 

-74 

-91 

-102 

-105 

e c , volts 

80 

77 

66 

49 

28 

2 

-25 

-52 

-78 

-99 

-116 

-127 

-130 

e b , volts 

160 

180 

262 

380 

570 

700 

1000 







ic, amp 

0.060 

0.055 

0.035 

0.025 

0.020 

0 

0 

0 

0 

0 

0 

0 

0 

e g ic, watts 

6.3 

5.6 

3.2 

1.8 

1.1 

0 

0 

0 

0 

o 

0 

0 

0 

e g /i c , ohms 

1750 

1850 

2600 

2960 

2650 

00 

00 

oO 

OO 

00 

00 

CO 

CO 


The average of e g i c over a half cycle is (by the trapezoidal rule) 


6.3 + 2 X 5.6 + 2 X 3.2 + 2 X 1.8 + 2 X 1.1 + 0 

12 


2.5 watts 


Some of this power is used to heat the grid of the No. 1 tube; some of it is 
wasted in the bias supply. The following half cycle the No. 1 tube draws 
no grid power, but the No. 2 tube driver power averages 2.5 watts. 
Therefore the driver must furnish an average power of 2.5 watts over the 
complete cycle. 

The driver of our output stage must be capable of delivering a peak 
power of 6.3 watts to a load which is quite variable over the cycle (Table 
8-2). The average power over the cycle is 2.5 watts, but if the amplifier 
in this case is capable of delivering an average power of 6.3 watts, the 
performance is generally more satisfactory. 

It is generally desirable to have the load on the driver several times its 
r p value throughout the cycle, and in order to obtain this high impedance, 
the driver-to-grid transformer usually needs a step-down ratio. This 
must be carefully chosen since this ratio makes it more difficult to deliver 
the high secondary voltage required. 

Because the nominal driver load line is not the actual operating curve, 
the latter depending upon the instantaneous incremental resistance of the 
output-stage grid, the distortion is considerably increased over that 
obtaining for the nominal load line. While operation with a higher than 
normal nominal load lessens this distortion, it is sometimes quite severe 
and measures must often be taken further to decrease it. These meas- 
ures often include the use of negative feedback around the driver stage, 
operation in push-pull parallel, and resistance loading of the driver trans- 
former secondaries. The actual design of the driver stage is beyond the 
scope of this book. 
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PROBLEMS AND QUESTIONS 

1. A triode-connected 6L6GA is used in a power-amplifier circuit of the type shown 
in Fig. 8-1. The input voltage is sinusoidal with a peak value of 30 volts. E b0 = 340 
volts, E co = — 30 volts, Rl = 3200 ohms. Compute P po , Pbb , Pac , P Pf and 7j p . 

2. Repeat Prob. 1 for the circuit of Fig. 8-2a. Assume the reactance of the choke 
to be very large and its resistance negligible. Also assume the reactance of the 
coupling capacitor to be very small. 

3. A class B amplifier uses Ebb = 300 volts, E co = — 80 volts. On the positive 
peak of the grid drive, fi> max = 50 ma, e& min = 25 volts. Determine the approximate 
power delivered to the load and the plate efficiency. 

4 . A 6B4 triode is used in a power amplifier of the type shown in Fig. 8-5a. The 
transformer primary has negligible d-c resistance. If E b0 = 200 volts, E c0 = — 30 
volts, and the grid signal is 10 volts peak, determine (a) the values of Rk and E bb 
needed, (&) the value of tube load which will absorb the greatest a-c power, and the 
transformer turns ratio needed if the secondary load is 10 ohms, (c) the power delivered 
to the transformer primary. 

6. A 6B4 is operated with E bo = 200 volts. It is desired to make a graphical 
determination of the best operating conditions for class Ai if heavy grid drive is 
planned, (a) Using expression (8-32), determine the approximate grid bias to be 
used (round off to nearest multiple of 5). Is this a safe operating point? ( b ) Deter- 
mine the theoretical “best” load for this tube, (c) If the grid is driven to 0 volts, 
what is the a-c power output? ( d ) What is the percentage distortion developed? 

6. A 6B4 triode is used in a power amplifier with transformer coupling to the load. 

Ebo — 240 volts, (a) If the numerically least safe grid bias is used, determine E co 
and ho . ( b ) In one application of this amplifier a small grid drive of E 0 = 7.07 volts 

is used. What ohmic value of load on the tube should be used in order to obtain 
greatest power output? Show the construction on a plate-characteristic sheet, (c) 
In another application it is desired to obtain the greatest power possible with class 
Ai operation and a limit of 5 per cent on the distortion. Use a 9-11 rule, and draw 
the optimum load line. Determine the power output and the percentage of harmonic 
distortion. ( d ) Twice the power output with the same distortion can be obtained by 
using tubes in parallel. Determine E g and the load R ac . 

7. A 6B4 triode is used in a power-amplifier circuit of the type shown in Fig. 8-5a. 
Ebb — 250 volts, Rk — 400 ohms; Ck is very large. The transformer-primary winding 
resistance is 162 ohms. The total resistance in the secondary circuit is 11 ohms. The 
transformer ratio Ni/N 2 = 10. The grid is driven to 0 volts, (a) Draw the bias line 
and the d-c-load line. Determine I bo , Ebo, and E co . ( b ) Determine the tube’s a-c 
load, draw the a-c-load line, and determine I Pv I Pv I ba , Pac, and P p . 

8. A 6B4 triode is used in a circuit like Fig. 8-5a. E bb = 300 volts, Rk = 727 
ohms. Ck is very large. The transformer-primary winding resistance is 490 ohms; 
secondary-circuit resistance is 10 ohms. Transformer ratio Ni/N 2 is 14. Determine 
the power output, the plate dissipation, and the percentage of harmonic distortion. 

9. A linear class A amplifier has r v = 1000 ohms and y = 10. The load is an 
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impedance Rl + jlOOO ohms. Determine the value of Ri needed in order that maxi- 
mum power may be delivered to the load. 

10. Design a rule (similar to the 9-11 rule) that can be used to determine the proper 
load for 4 per cent harmonic distortion for a triode in class Ai. 

11. (a) Use a tube manual to obtain a satisfactory design for a power amplifier using 
a 6B4 triode with E bo = 250 volts. Determine P ac and P p0 . (6) Use the method of 
Art. 8-6 to determine a new design for use with E b0 = 200 volts. Determine E co , Rl, 
Rk, P ae, P po for the new conditions. 

12. A 6V6 beam power tube (connected as a pentode) is used in a power amplifier 
with transformer coupling to the load. If E bo — 250 volts, 2? c2o = 250 volts, E el0 
— — 10 volts, and the grid is driven to 0 volts, use a sheet of plate characteristics and 
determine the approximate best load for high power output with minimum total dis- 
tortion. Also determine P aCj P p , and the percentage of third-harmonic distortion. 

13. Repeat Prob. 12 without the restriction that E c i 0 = — 10 volts. Choose E c i 0 
to obtain high power with minimum total distortion. Neglect any change in the 
T point. 

14. (a) Consult a tube manual to obtain a satisfactory design for a 6V6 pentode 
power amplifier, with E bo = 250 volts. Specify all important circuit values. (5) 
Use the method of Art. 8-6 and Eq. (8-54) to determine a new design for use with 
Ebo = 275 volts. Determine E e io, E C 2 o, Rl, Rk, P ac , Ppo for the new conditions. 

16. Prove that a lightly driven triode with a load resistance double the optimum 
value delivers 11 per cent below maximum power, with some decrease in distortion. 

16. A type 7C5 tube is to be used in a class Ai pentode power amplifier. The 
grid drive is sufficient to make e Cmax = 0. The Q point is E bo = 300 volts, 2? c2o — 250 
volts, E c \o = —12.5 volts. Determine the load line for zero second-harmonic dis- 
tortion and the values of Rl, P ac , Ppo . Estimate % 

17. Starting with one sheet of plate-characteristic curves for a 6B4 tube, draw the 
curves for a composite tube representing push-pull operation. E bo = 200 volts, 
Eco = — 40 volts. 

18. Two 6B4 tubes are operated push-pull with fixed bias of —70 volts and E bo 
= 300 volts, (a) Draw the composite characteristics. (6) Assume a composite-tube 
load of 1000 ohms, and draw the load line, (c) Plot the path of operation of tube 1. 
(i d ) If the grid swing is between —10 and —130 volts, what is the a-c power output? 
(e) What is the plate dissipation per tube? (/) Determine the plate efficiency. ( g ) 
Determine the percentage of third-harmonic distortion. 

19. Two 6B4 tubes are operated push-pull with E eo = — 60 volts, E bo = 300 volts. 
Draw the composite-tube curves, and determine the approximate optimum load line. 
Determine P po , P py P ac , and the percentage of third-harmonic distortion. 

20. Two 6V6 tubes are used in a push-pull amplifier with E b0 = 250 volts, fixed 
grid bias of — 15 volts. Refer to a tube manual for other recommended circuit values. 
Use a sheet of plate characteristics, and check the performance against that stated in 
the manual. 

21. Replace the source of fixed bias in Prob. 20 by cathode bins, using Rk = 200 
ohms and a very large Ck value. Use the same plate load, and determine the operation 
(a) with drive to 0 volts, ( b ) with drive sufficient to limit the distortion to 5 per cent. 

22. Two type 830-B tubes are used in a class B a-f power amplifier. E// = 10 
volts, E b0 - 1000 volts. As a trial load for the composite tube use 1900 ohms. 
Draw the dynamic characteristic for the No. 1 tube, and determine the projected cut- 
off grid voltage. Use this as the grid bias. Use as the maxi mum drive point P that 
given by e b = 2e c . Determine values of 4 max , i&, e bmiQf e bm *„ L max , and e Cmax for the 
composite tube. Compute P ac , P bb , v P , Pip, and percentage of third harmonic. Esti- 
mate the grid dissipation to determine the driver power required. 



CHAPTER 9 


POWER AMPLIFIERS USING TUNED LOADS 


9-1. Operation for High Efficiency. In most cases the power supplied 
a radio-transmitter antenna or used in an industrial r-f heating process 
is obtained as the output of a power amplifier. Usually only a narrow 
band of frequencies is involved and a tuned load can be used as in the 
case of an r-f voltage amplifier. This makes it possible to use the other- 
wise troublesome tube and circuit capacitances to help tune the load. 
In addition, the plate-current waveform need not be sinusoidal since the 



Fig. 9-1. Basic circuit for a tuned power amplifier. (Neutralization not shown.) 


tuned circuit acts as a filter to attenuate the harmonics in the power out- 
put. This latter fact is important since it allows operation to be carried 
out in a more efficient manner than class A. 

One simplified circuit for class B or class C operation is shown in Fig. 
9-1. The load U L in this case is inductively coupled to the coil of the 
tank circuit, and the capacitor C 2 may be adjusted to make the secondary 
circuit resonant at the frequency of operation. Hence, in effect, at the 
resonant frequency the plate load for the tube is a capacitor Ci in parallel 
with a coil Li having a lower effective Q than its unloaded value. 

For class B operation the value of E cc is approximately that necessary 
to cut off the plate current. Hence, when a grid signal is applied, the 
plate current flows during only the positive half of the grid swing and it 
has a waveshape approximating a half sinusoid. The grid bias for a 
class C amplifier exceeds that for class B, usually being 1.5 to 3 times the 
cutoff value. Accordingly, the required grid-signal voltage must be high 
in order to drive the tube into conduction. With limitations, the plate- 
circuit efficiency increases as the grid drive is made larger, and hence both 

class B and class C amplifiers are nearly always class 2, drawing a con- 

280 



POWER AMPLIFIERS USING TUNED LOADS 


281 


siderable amount of grid current. For a class C amplifier the plate cur- 
rent flows in pulses, each pulse lasting less than a half cycle. Figure 9-2 
shows approximate waveforms of e b , e C) %, and i c for a class B amplifier, 
while Fig. 9-3 shows those for the class C case. In both of these it is sig- 



Fig. 9-2. Approximate waveforms for class B operation. 



Fig. 9-3. Approximate waveforms for class C operation. 


nificant that the plate current flows only during a period of low plate volt- 
age and therefore the plate dissipation is small compared with that for 
class A operation. This is the reason for the high plate efficiencies for 
class B and class C operation. 

9-2. The Plate -load Circuit. The plate load for a tuned power ampli- 
fier is usually not as simple as those employed with tuned r-f voltage 
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amplifiers. In general the plate load for an r-f power amplifier must serve 
several purposes. First, it should present to the tube a proper impedance 
to render high power output with good efficiency at the signal frequency. 
(In some cases a harmonic of this frequency is chosen instead.) Second, 
the load should have a low impedance at harmonic frequencies to give 
good filtering action. Third, it must have a wide enough pass band to 
accommodate any modulation-frequency components. Fourth, the cou- 
pling network between the tank and the device which usefully consumes 

energy must often further filter the output 
of the tube to remove vestiges of harmonic 
components. Fifth, the efficiency of the 
coupling network, between its input and 
its output, must be high. 

The simplest type of load is that shown 
in Fig. 9-4, where the energy-consuming 
R l is directly in series with the inductor 
L. In this case the impedance of the 
parallel-tuned circuit can be obtained from Eqs. (7-150) and (7-148) as 

7 = QjAQqL 

1+#J(2 + »)/(!+*)]* 1 ; 

for q l 1. 

The plate-voltage waveforms in Figs. 9-2 and 9-3 are both very nearly 
sinusoidal because of the filtering action of the plate-tank circuit. The 
plate current in either case is nonsinusoidal but periodic and hence may 
be represented by a Fourier series consisting of average current plus a 
fundamental-frequency component and harmonics. For example, in the 
case of the class B amplifier the current waveform approximates a half 
sinusoid of peak value I bm , for which the Fourier representation is (see 
Prob. 14, Chap. 6) 

% = — - - H — cos ojt H — cos 2co£ — - &m cos 4o>£ -(-••• (9-2) 
it Z Sir 157r 



Fig. 9-4. A simple type of load. 


For the fundamental frequency, 5 — 0, and 

Z/ 0 = R/ 0 = QlcoqL 
For the second harmonic, 5 = 1, 

Z 2/ 0 = 

and 

R2f 0 = 


QlO)qL 

T+j IW l 

Ql&oL 


(9-3) 

(9-4) 

(9-5) 


1 + 2.25Q l 2 

where R fo and R 2 f Q are the resistance components of the impedances Z /o 

and Z2 / fl . The power delivered to the tank circuit may be computed as 
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PR. For the fundamental frequency 


Pf. — IpiPfa ~~ 


( h m V 

\2V2j 


QjJj&qL 


For the second harmonic the power is 


^ 2/ 0 = Ip 2 2 R2f Q 

The ratio of these powers is 


= / 2i bm y _ 

\3t tV 2 / r 


QlOIqL 

+ 2.25 Q? 


^ = (1 + 2.25 QS) ?£ 
r 2/ 0 lo 


(9-6) 

(9-7) 

(9-8) 


Should Q l be 10 or more, this ratio would equal or exceed (1 + 2.25 X 
10 2 )5.6 = 1266. In the case of the class C amplifier the second harmonic 



Fig. 9-5. Elements of a tank circuit. Fig. 9-6. The equivalent circuit for Fig. 

9-5. 


is relatively larger than for class B, but even so, the second-harmonic 
power developed in the load will be small if the value of Q L as great as 10 
is employed. 

If the r-f energy from the plate tank is to be radiated, further filtering 
is usually necessary to meet FCC requirements. The filter, which serves 
also as a coupler between tank and load, becomes a part of the plate load. 
In this or any other ordinary case the simple tank representation of Fig. 
9-4 seldom exactly applies, and the frequency characteristics of the plate 
load are usually no longer expressible by the simple equations just derived. 
The circuit of Fig. 9-5 shows one possible load configuration, but it too is 
somewhat too simple for representing very accurately the effect of a com- 
plex coupling circuit. Although the process of analysis in this case is 
similar to that for the double-tuned amplifier of Art. 7-37, the results are 
quite different because of the unsymmetrical circuit and the low value of 
Q for the secondary circuit. Upon analysis, it may be shown that the 
frequency-response curve somewhat resembles that of the simple parallel- 
tuned load considered earlier in this article, but the tuning is somewhat 
broader. 

While a high value of Q for the tank circuit is desirable for suppressing 
harmonics, its value must be limited if power is to be delivered to a load. 
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To investigate the desirable conditions, we shall assume the load con- 
figuration to be that of Fig. 9-5. Assume L 2 and C 2 have equal reactances 
and that the whole tank is tuned to resonance. Then at the resonant 
frequency the simplified equivalent circuit of Fig. 9-6 can be used. The 
power delivered to the tank is absorbed by R\ and cqq 2 M 2 /(R 2 + Rl). The 
impedance represented by the latter term alone absorbs the power 
delivered to the secondary, of which only a part is load power. The ratio 
of load power P L delivered to R L to the total power P t delivered to the 
tank by the tube is therefore 

Pl _ It 2 WM 2 /(R 2 + R L )][R L /(R 2 + Rl)] ^ 

Pi Ic 2 [Ri + o> 0 2 M 2 /(R 2 + R l )] ^ J 

This equation can be rewritten as 


0)0 2 M 2 
R 2 “b R 


R 2 + Ri 


R 2 + Rl 


— \ — -i: (9-10) 

0)0 W 2 Ri + R l 1 1 

R 2 + RtJ 


If we let Q l represent the loaded Q of the tank, 


Ri + WM 2 /{R 2 + R L )] 


and Q p the Q of the primary alone, 


then 


and 




Ql _ Ri 

Q P Rl + [o. 0 W 2 /(ii: 2 + Rl)] 


Rl _ ( + QlN Rl 

Pi \ QJ Rl + Rl 


(9-12) 

(9-13) 

(9-14) 


Thus we see that, if Q v can be made very large compared with Q L and if 
R 2 can be made small compared with R L , the efficiency of transfer of power 
from tank to load can be made high. Since the value of Q v can be made 
100 or more for small coils and considerably greater than this for large 
transmitting coils, a value of Q L near 12 would satisfy this requirement 
for high transfer efficiency. 
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Class C amplifiers may be used for producing a modulated wave, in 
which case the bandwidth for the tank must be great enough to handle 
the sideband frequencies. A very high value of Q L must then be avoided. 

If the plate-tank circuit is tuned to a harmonic of the grid-signal fre- 
quency, a class C amplifier may be used as a frequency multiplier. The 
waveforms for grid voltage, plate current, and plate voltage in the case of 
a frequency doubler are shown in Fig. 9-7. 

It will be noticed that the plate-voltage wave loses amplitude between 
plate-current pulses because of loss in energy in the tank circuit. The 
same tendency exists in an ordinary class C amplifier. To show how the 



Fig. 9-7. Waveforms for a frequency doubler. 


voltage amplitude falls for a class C amplifier, we may proceed as follows: 
At the beginning of the cycle when the value of E Pl is a maximum, the 
energy stored in the tank is all in the capacitor and 

W = V 2 CE Pl J (9-15) 


If the drop in voltage is not great, then the approximate change in energy 
in one cycle is (power multiplied by time) 


AW = — 


M 1 

QlUqL fo 



27 tC 
Ql 


(9-16) 


The energy in the capacitor at the end of one cycle is (unless it is replen- 
ished) 

W + AW = i CE Pl J - 1 E Pl J ^ = 1 CE Pl J (l - | y (9-17) 

or, in terms of the new peak voltage E' rim , 

W + AW = y 2 CE'* m (9-18) 
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Therefore, 


\cE'l m = \cE Pl j(\ 


__ 2x\ 

Ql) 


h- 

V Ql 


The ratio of total stored energy to energy dissipated per cycle is 


! (2 tC/Q l ) 


(9-19) 


(9-20) 


(9-21) 


Hence, to keep a good waveform, a high value of Q L is desirable. The 
effect of the tank circuit in maintaining a good sinusoidal waveform 
depends upon keeping Q L / 2x high, or in having a high ratio of total stored 
energy to energy dissipated per cycle. This is often called the flywheel 
effect. 

9-3. An Algebraic Analysis of Class B Amplifier Operation. By 

means of a graphical analysis it is possible to determine closely the per- 
formance of any given class B or class C amplifier circuit. However, this 
supposes that all values of supply voltage, load, and drive are already 
chosen, in other words, that the circuit has already been designed. While 
such an analysis is important and will be treated in a later article, our con- 
cern at present is with the methods by which the correct load, operating 
voltages, and drive may be determined in order to obtain the usual objec- 
tive: large output power with satisfactory efficiency and safe plate and 
grid dissipations. Such a problem is difficult for the class C case, and it 
is usually handled by a cut-and-try process. However, in the case of 
class B an approximate solution is not particularly difficult to obtain, and 
the results may serve as convenient guides in design although they do lack 
a high degree of accuracy. 

To begin the algebraic analysis of a class B amplifier, it is necessary 
to make some assumptions, some of which are approximations. First, 
we shall consider the plate-characteristic curves for the tube to be straight 
lines, equally spaced. This amounts to stating that the exponent n in 
Eq. (4-3) is unity, so that 

% == + pe c ) (9-22) 

where p and k are constants. If we differentiate in respect to e c , di b /de c = 
g m = kp or k = g m /fi = 1 /r p . Therefore 


(eb + pe c ) 


(9-23) 


provided, of course, that % > 0. 
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Second, we shall consider the tube to be biased to cutoff, so that when 
e b = E bb and e c = E CCJ then i b = 0. Then 

0 = — - ( E bb + pE cc ) (9-24) 

r p 

and the cutoff bias is given by 

E cc = - — (9-25) 

M 

Third, we assume the tank is tuned to resonance for the fundamental 
frequency. Let its impedance for this frequency be R/ 0 = QlcqL, where 
Q l is the loaded value of Q. Furthermore, let us assume the impedance 
to the harmonics is zero. Since it is desirable to have % a maximum at 
the moment that e b is a minimum, which calls for a resistance load, this 
resonant condition is actually the desired one. 

Fourth, we shall assume the grid signal to be sinusoidal. The plate 
voltage will also be sinusoidal (because of the action of the tank) and 
180° out of phase with the grid voltage. 

e c = E cc + E gm cos c 0 t (9-26) 

e b = Em — E pm cos coo t (9-27) 

We may now write i b as a function of time, using Eqs. (9-23), (9-26), and 
(9-27), 

i b = — ( E bb — E pm cos c 0 t + \xE cc + nEgm cos c 0 t) (9-28) 

T p 

which reduces [using Eq. (9-24)] to 

ib = — (fiEgm - Epm) COS Cot = I bm COS Cot (9-29) 

Tp 

for values of in the fourth and first quadrants only, when the grid 
swing is positive. On the other hand 


4 = 0 (9-30) 

for values of c 0 t in the second and third quadrants (when the grid swing is 
negative). Thus the waveshape of i b is a half sinusoid, for which we may 
write the Fourier series 

i b = I b a “ I P\m COS ( Cot ~ [“ I p 2 m COS 2 Cot ~ b ' * * (9-31) 

The coefficients in this series can be determined as follows, 
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2 TV — 


%b cos co o t dco ot 


cos 2 coot dcoot = (9-33) 


Hence, from Eqs. (9-29) and (9-33), 

T IxEgm, 


d Pl m 


(9-34) 


E pm -d p im Rf 0 

(not a vector relationship and hence no minus sign is used) 

j ^E gm 

Pim ~ 2r p + Rf 0 


(9-35) 


(9-37) 


since l Pl is in phase with E g by Eqs. (9-26) and (9-31). 

As far as the fundamental-frequency quantities are concerned, we see 

- t that Eq. (9-37) may lead to an 

* <l equivalent circuit, such as that shown 

lv p < in Fig. 9-8. We may write the 

E p voltage across the tank as 

Li < M8) 

Fig. 9-8. An equivalent circuit useful . , . , . . . . . 

for fundamental-frequency components. Thls e< l uatlon shows that, m SO far 

as the conditions of operation agree 
with our assumptions, the output voltage E p is proportional to the signal 
voltage Eg. This makes the amplifier a class B linear one, useful for 
amplifying modulated signals, since their waveforms are preserved. In 
practice it is possible to adjust a class B amplifier so that this linear rela- 
tionship holds very closely. 

The power delivered to the tank is 

P = F T = V 2E ° 2R f> /q qq) 

Pac E p I Pl + (9-39) 


(9-39) 


The power furnished by the plate supply is [from Eqs. (9-32), (9-33), and 
(9-36)] 

p TP T TP dbm jjt 2/ Pim 2 llE gm 

J- bb — tibblba ~ ftbb — &bb Fjbh ^ j — 

TV TV TV lTr> + Kf„ 


z Or-JTP - (9-40) 
tv Zr p + K fo 


and that dissipated by the tube (assume no d-c losses in the tank) is 
p _ p p pPgm »*E g JR f0 

P " ° c T hb 2 r, + R /t 2(2 r v + R f ,y 


(9-41) 
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The plate-circuit efficiency is 

= Pac = ffp/p, _ /tm/2 V2 

Ebblba 2 Ibra/lt 


\ = 78.5 % (9-42) 


Equation (9-39) shows that the power output increases as the square 
of E gj making it important to use a large value of grid drive. However, 
for drive heavy enough to make e CmBX exceed e bmiu in value, the relationship 
of (9-39) no longer closely holds. This is because, with the potential of 
the grid higher than that of the plate, the grid draws a large current of 
both primary electrons from the cathode and secondary electrons from 
the plate, with a dip in the plate current resulting at times when the plate 
voltage is a minimum. Peaks of plate current now occur at positions 
where the plate voltage is no longer very low, with the result that the plate 
dissipation increases rapidly, while that of the grid also rises together with 
the power required of the grid driver. We see therefore that grid drive 
should not exceed some value near that which makes e Cmax = e bmin . 

Having in mind the limitation in grid drive just discussed above, let us 
continue our development under the condition 


e c m ax 


V 


(9-43) 


where p is a constant (usually ranging between 1 and 3 in value). From 
this we may write 

E bb - E pm = p(E cc + E gm ) (9-44) 

and using Eqs. (9-25), (9-35), and (9-36), we obtain 


T? pEgmRfo _ / hb l_ ]? \ 

Ebb -2t~Fir f r p \T + Eem ) 

_ E bb [ 1 + (p/p)] 

gm V + [nRfJ(2r p + R fQ )] 


(9-45) 

(9-46) 


This equation shows that a large value of grid drive E gm (required for high 
power output) can be used if E bb is made large. 

E bb should be near the maximum allowable direct plate voltage for the 
tube, as stated by the manufacturer. This matter of E^ now settled, let 
us notice [by Eq. (9-46)] that E g depends also upon the value of R/ d used. 
Since R/ 0 also determines the plate dissipation according to Eq. (9-41), 
we may eliminate E gm [between Eqs. (9-41) and (9-46)] to give R/ 0 in 
terms of E bb and P py the allowable plate dissipation. If this is done, we 
obtain 


Rf o = 


E bb 2 ( 4 - t) 


TdP, 


2 pr p f E bb 2 ( 4 — 7 r) 

p -f- fi * 4xP p 


. pr p E bb 2 

(p + fi)Pp 


(9-47) 
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The design procedure is to first use Eq. (9-47) to determine R/ 0 from 
known values of allowable plate dissipation and Ebb and an assumed value 
of p. This value of Rf Q may be substituted into Eq. (9-46) to obtain E gm , 
and then P ac may be determined from Eq. (9-39). The plate efficiency 
may be checked by the use of Eq. (9-42). Making p = 1 will yield the 
highest but most unreliable answers for P ac and rj p . For p > 1 the results 
are more conservative and more reliable. After the preliminary design 
is made by this approximate analytical method, it may be well to 
follow a graphical analysis to obtain further information about the 
amplifier. 

9-4. Graphical Analysis of Class B and Class C Amplifiers. In princi- 
ple, the graphical analysis of these tuned amplifiers is the same as that of 
the untuned resistance-loaded amplifiers of Chap. 8. On a sheet of tube 
characteristics an operating point is chosen, the path of operation drawn, 
the limits of grid swing indicated. Then values of current and/or voltage 
are read at convenient points on the path of operation, and these values 
are substituted into suitable formulas for approximating the quantities 
desired. 

For the untuned amplifier the plate current and the plate voltage have 
identical waveforms as long as the load is constant for all frequency com- 
ponents. Thus i b = ht + i P and e b = E ht — R L i p . Upon eliminating i p 
between these equations we obtain a linear equation in 4 and e b) which on 
4, e b orthogonal axes plots into a straight load line. 

Now for an amplifier with a tuned load and of the classes studied in this 
chapter, the grid voltage is sinusoidal, the plate voltage is very closely 
sinusoidal, while the plate current is far from being so. Hence on 4, % 
axes the path of operation is not a straight line. However, since e c = E ct 
+ E gm cos coo t and e b = E bt — E pm cos co 0 £, elimination of o) 0 t yields a linear 
equation in e c and e b , proving that the path of operation is a straight line 
on e c , e b orthogonal axes. Hence we need tube characteristics drawn on 
these axes. Since 4 is the parameter used in drawing these curves, they 
are often called constant-current characteristics. 

If the operating conditions E b0j E COy E gmi and E pm are known ; there 
should be no difficulty in constructing the path of operation. We can 
then locate, on the path of operation, points which are spaced at equal 
time intervals. If desired, the values of plate current at these points may 
be used to draw a curve of time variation of plate current, although usu- 
ally this step is unnecessary. Application of formulas to be stated later 
can then be made and values of I ba and I Pl computed. The curve sheet 
for constant-current characteristics usually has curves of constant grid 
current superimposed, and hence computations of I ca and I 9l can also be 
made. 

For the class C case, if the operating conditions are not known, a cut- 
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and-try process may be used to determine satisfactory values. In cal- 
culating the performance the considerations which determine these oper- 
ating values are the power output required, the plate efficiency, the 
maximum allowable plate and grid dissipations, and the maximum allow- 
able plate voltage and current. Also, the grid driving power is of con- 
siderable importance. The choice of values depends on both the tube 
employed and the service in which it is placed. 

The power output depends upon the needs of the load and the efficien- 
cies of the tank and the coupling network. High plate-circuit efficiency 
is desirable because this makes the plate dissipation and the d-c power 
less. However, high plate-circuit efficiency usually demands high plate- 
voltage operation and calls for considerable grid-driving power, and a 
lower efficiency may be more practical. 

Since a blind cut-and-try process is extremely tedious, it is well to 
develop some guides to limit the necessary labor. The value of E^ may 
be chosen at any value up to the safe value of E bo stated in the tube man- 
ual. For high plate-circuit efficiency it is necessary to limit the plate- 
current flow to periods of low plate voltage, which means that a sharp, 
high pulse of plate current is preferred. Thus it is important to bias the 
grid well beyond plate-current cutoff, say 1.5 or more times this value. 
To obtain much a-c power output the short pulse of plate current must be 
very high, requiring grid drive to high positive values. This action 
requires considerable grid-circuit power, both to supply the grid losses and 
to charge the E cc battery (the grid current enters the E cc battery at its 
positive terminal). 

The value of the plate load R fo ( = E Pl /I Pl ) must be a result of the calcu- 
lations (because of I Pl ) and cannot be considered a known parameter in 
beginning a problem. This is unfortunate since it occasionally happens 
that a certain load value is desired. In the latter event it is necessary to 
make repeated trials until the correct value is obtained. 

Many studies have been made to develop additional guides for choosing 
tentative operating conditions in order to save labor. The following 
method is not difficult to understand and should be adequate for triodes. 
Tetrodes and pentodes are handled somewhat similarly. 

As a preliminary to. the graphical solution, it is desired to formulate a 
relation among several quantities involved in the graphical solution. 
Figure 9-3 shows waveforms for class C operation. Let us assume that 
the waveform of the plate current is a portion of a cosine wave and that 
i b cuts off at an angle 0, where 0 does not exceed 90°. Hence we may show 
that the equation for the plate current may be written as (see Prob. 4 at 
end of chapter) 

cot < 0 (9-48) 




cos 0 


(cos ot — cos 0) 
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and the cutoff angle 0 is given by 


9 = arccos 


E cc (Em,/ m) 

E cc + (E pm /fi) — e c 


(9-49) 


Then 


* JO 


i b do)t = - ^ bm> 


/: 


(cos o)t — cos 0) 




7r(l — cos 0) 


X 1 COS 0 „ 

(sin 0 — 0 cos 0) (9-50) 


or 


4 may _ tt( 1 - cos 0) 
7& a sin 0 — 0 cos 0 


2 [ e . 

= - / 

7T jo 

1 4 r 


COS col dcot — — “ 


x 1 — COS 0 
(0 — sin 0 cos 0) 


/; 


x 1 COS 0 
The plate efficiency can be expressed as 


(9-51) 

(cos 2 0 )t — COS 0 COS bit) did 
(9-52) 


Vp = 


P ac 7 Pl E p I Pl m,E pm 


P bb Ebblba 2 Ebbha 

and hence from (9-53), (9-52), and (9-50) 

E pm _ 2 ha _ 2 (sin 0 — 0 cos 0) 
rjpEbb ~ 7 Pi ™ ~ 0 — sin 0 cos 0 


(9-53) 


(9-54) 


In Eq. (9-51) the ratio of i bm&x to ha is expressed in terms of the parameter 
0. In Eq. (9-54) the ratio of E pm to rj P E bb is expressed in terms of the 
same parameter. Figure 9-9 shows graphically the relation between 
E pm / rjpEbb and i bma Jha. Values of 0 used in obtaining this graph are also 
indicated. 

The designer can usually estimate the values of ha and the required 
plate efficiency from knowledge of P ac desired, Eu and the tube type 
available. Thus for any given point on the curve of Fig. 9-9, E pm and 
4 max can be computed and a P point located on the constant-current char- 
acteristics of the tube. If the required efficiency is low, it is usually best 
to choose a point toward the left end of the curve of Fig. 9-9, since here 
4 max can be kept low without making E pm excessively high. Thus plate- 
current distortion and grid current are kept to lower values. If the 
required efficiency is high, a point toward the right end is better since 
only in this way can E pm be kept down in value. A P point which makes 
p( = e bmi Je CuMX ) between 1 and 3 is usually satisfactory. 
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A guide for grid bias can be obtained from Eq. (9-49). 

7,i ( Ebb/v i) + [e Cmax (E pm /ju)] COS d 

Hj cc - 

1 — cos 6 


(9-55) 


A straight load line can now be drawn through P and Q. Only the 
upper end of this path of operation need be drawn since for these classes 
of operation the plate and grid currents are both zero during the negative 
grid swing. 



Iba 
Fig. 9-9. 

9-5. An Example of the Graphical Analysis of a Class C Amplifier. 

Let us assume that a class C amplifier is to deliver 400 watts of r-f power 
to its plate tank circuit. An Eimac type 100TH tube is available for 
which the maximum ratings are E bo = 3000 volts, I ba = 225 ma, P p = 100 
watts, P g = 20 watts. The average value of /x is 38, obtained as the 
reciprocal of the slope of the constant-current characteristics. 

For our case let us use E bb = 3000 volts. If we assume P v to be the 
maximum allowable, then P bb = 400 + 100 = 500 watts and tj p = 
400/500 = 80 per cent. = P b b/Eu> = 500/3000 = 167 ma, which is 
less than 225 ma. Eighty per cent efficiency is fairly high. Hence we 
can use a value of 0 near 64° where i bm&x /I ba = 4.35 and E pm / r\pE bb — 
1.125. Then 4 max = 4.35 X 167 = 727 ma, E pm = 0.80 X 3000 X 1.125 
= 2700 volts, and e &miI1 = 3000 — 2700 = 300 volts. If we locate this P 
point on the characteristics (Fig. 9-10), we find e CmtkX = 185 volts, p = 
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300/185 = 1.62, which is reasonable. We can use Eq. (9-55) to determine 
the bias value. Upon substitution we obtain E cc = —230 volts. 

On the tube characteristics of Fig. 9-10 we can now locate the Q point 
and draw the load line. This permits a check on the operation and allows 



us to determine in addition the grid power 7 etc. We may now locate 
sampling points at equal time divisions along the path of operation, using 
increments of cot of, say, 15°. More and shorter intervals will increase the 
accuracy of the results, and 10° intervals are often used instead. Table 

9-1 may now be completed. An 
explanation of the items in it follows 
the table. 

We assume e c = E cc + E gm cos 
cot — —230 + 415 cos cot and use 
computed values of e c to locate 
the sampling points. The values 
of % and of i c are now read at these 
points. 

By formula (9-32), I ba is the time average of % over one cycle. Sim- 
ilarly, 1^ is the time average of i c over on6 cycle. Formula (9-33) shows 
that I PlTn is twice the time average of i b cos cot over one cycle, and sim- 
ilarly for Ig xm . A convenient formula for approximating averages is pro- 
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TABLE 9-1 


cot 

cos 

cot 

i 

e c , volts 

hj 

ma 

Com- 

puta- 

tions 

for 

Iba 

fc, 

ma 

Com- 

puta- 

tions 

for 

ha 

ib COS cot, 

ma 

Com- 

puta- 

tions 

for 

Ipim 

1/Q COS C oty 

ma 

Com- 

puta- 

tions 

for 

him 

0° 

1.000 

185 

727 

363 

295 

147 

727 

363 

295 

147 

15° 

0.966 

172 

715 

715 

210 

1 210 

i 

692 

692 

203 

203 

30° 


130 


600 

120 

120 

520 

520 

104 

104 

45° 


i 

64 

300 


32 

32 

212 

212 

23 

23 

60° 


-23 

40 


0 

0 

20 

20 

0 

0 

75° . 

0.259 

-123 



0 

0 

0 

0 

0 

0 

90° 

0 

-230 

0 

0 

0 

0 

0 

0 

0 

0 



Sum 


2018 


509 


1807 


477 



V 12 X sum 


168 


42 







H X sum 






301 


80 


vided by the so-called trapezoidal rule, used by most students when 
studying the calculus. This rule may be readily deduced from Fig. 9-11. 
The area under the curve from a to b is divided into n segments, each of 
equal width Ax. An approximation to the area under the curve is 
obtained by adding the areas of the trapezoids shown. 

Aie& = y^^ Ax + y^^ Ax + y^ + y3 Ax + y^ + y^ Ax+ . . . 

+ ?» 1+ 1 : Ax 

= Az (| + Vl + y t + y, + • • • + 2 /„_! + (9-56) 

This yields the average value if we divide by n Ax, 

Average y = 1 + yi + y 2 + y 3 + • • • + Vn-\ + vf) ( 9_57 ) 

where n is the number of intervals, n + 1 being the number of ordinates. 

The numbers in the ha and I ca columns of Table 9-1 are obtained by 
following the plan of Eq. (9-57). Their sum is indicated at the foot of 
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the column, and the sum is then divided by 12 since there is this number 
of 15° intervals in 180°, or one half cycle. The other half cycle averages 
the same. 

The numbers in the I Pim column are derived from those in the column 
headed % cos cct, and similarly for I gim . The results of these computations 
are as follows: I ba = 168 ma, I Pim — 301 ma, I ca = 42 ma, I 0im = 80 ma. 

We can now calculate the following pertinent quantities: 


Power output 
Plate dissipation 

Plate efficiency 

Egm 

Grid driving power 
Grid dissipation 

Power amplification 
Plate-load impedance 
Angle of flow of plate 


n nr 2725 0.301 
= P ac = Ephi = — = 410 watts 
V 2 n/2 

= P p = Ebblba - Pac = 3000 X 0.168 - 410 

= 504 — 407 = 97 watts 

Pac 410 


Vp 


bb 


504 


= 81% 


= e c 


- Ecc = 185 + 230 = 415 volts 


D 77T r 415 w 0.080 1C - 

= Pin = Egl gi = — = X — = 16.6 watts 

1 V2 V2 


= P, = Pi 


Pac _ 410 
Pin 16.6 
E W n 


(~E cc I ca ) = 16.6 - 230 X 0.042 

= 16.6 — 9.7 = 6.9 watts 


— R fo - 


24.7 

2725 

0.301 


= 9070 ohms 


+ „ QX _ 182 

current = 2 arccos = 2 arccos -r—z 
QP 415 


QY 


Angle of flow of grid current = 2 arccos = 2 arccos 


= 2 X 64° = 128° 
230 


= 2 X 56° = 112° 


Note that the graphical computations check quite well with the 
assumptions. 

9-6. The Operation and Adjustment of a Tuned Power Amplifier. 

The plate-bias voltage for a tuned power amplifier is usually supplied by 
a rectifier although in some applications a generator is employed. It is 
even possible to operate with raw alternating voltage as the plate supply 
e bbj in which case the tube functions as an amplifier only during the part 
of the cycle when e bb is positive. The r-f output then rises from zero to 
a maximum and back to zero again as e bb passes through this positive half 
cycle. The bandwidth of the output is very wide, which makes the 
arrangement impractical in most cases. 

In Fig. 9-1 the source of grid bias is shown as a battery. This arrange- 
ment or a generator or rectifier substitute is commonly used when a class 
C amplifier is used to produce an a-m wave (see Art. 12-5). However, 
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for an ordinary tuned power amplifier, it may be preferable to use grid- 
leak bias in one of the arrangements shown in Fig. 9-12. The direct 
component of the grid current passes through R g to make the required 
bias, while the alternating components pass through C g . If the grid drive 
increases for aa\y reason, greater grid current and grid bias result, and 
thus e Craax is only slightly greater than before. Hence the output of the 
plate circuit is little affected by changes in grid excitation. If the grid 
excitation fails, the bias becomes zero and the plate current will probably 
become so great that damage to the tube will result, unless the plate cir- 
cuit is equipped with a circuit breaker 
or a cathode resistor is employed. 

Cathode bias can also be used, but 
the usual high value of grid bias 
together with the large plate current 
makes a considerable power loss. 

Except as an auxiliary to grid-leak 
bias to limit the plate current when grid excitation is lost, cathode bias is 
not widely used for this type of circuit. 

Since in the case of triodes considerable energy is fed from the plate 
circuit to the grid tank by way of C gp for frequencies lower than the res- 
onant frequency of the plate tank (see Art. 7-5), self-oscillation is likely 
to occur. This can be avoided if some form of neutralization is employed. 
Two methods for doing this are diagramed in Figs. 12-5 and 12-9. The 
general principles of neutralization involve either increasing the imped- 
ance of the plate-to-grid path by tuning C gp to resonance with a parallel 
inductor or feeding to the grid tank another current, the effect of which 
is to cancel that caused by the current through C gp . 

The plate-current pulse in a tuned power amplifier flows at the time 
when e b is near the value e 6min . Hence if e bm - n is not small, the plate current 
can be dangerously high. In adjusting a class B or class C amplifier for 
proper operation, if the plate tank is not yet adjusted to resonance at the 
signal frequency, its impedance is low and the alternating plate voltage is 
small. Hence e bmin is high, and the plate dissipation is likely to be exces- 
sive. The safest practice is to lower the value of E bb until the tank 
adjustments are approximately correct, as indicated by a minimal read- 
ing of the average-plate-current meter. The grid tank is likewise 
adjusted to resonance by noting a maximum reading of the average-grid- 
current meter. For neutralizing, E bb is made zero, and some device 
(such as a wavemeter or a small incandescent lamp coupled to the plate 
tank) is employed to indicate plate-tank r-f current. Since the only path 
for energy from the grid tank to the plate tank should be through C gp and 
the neutralizing circuit, adjustments can then be made until the plate- 
tank current is a minimum. Some direct electromagnetic coupling 




Fig. 9-12. Grid-leak-bias arrangements. 
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between the grid and plate tanks may make it impossible to obtain zero 
tank current. Since these adjustments detune the grid and plate tanks 
to some extent, it is well to retune these circuits and then repeat the neu- 
tralizing adjustments until optimum conditions are obtained. 

Except at very high frequencies, tetrodes and pentodes require no neu- 
tralization since the energy fed through the small plate-to-grid capacitive 
coupling is usually less than the circuit losses. Frequency multipliers, 
even when triodes are used, do not need neutralizing since the frequency 
of the current fed back differs from the resonant frequency of the grid 
tank and self-oscillation is not induced. 
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PROBLEMS AND QUESTIONS 

Characteristic curves for several types of tubes are contained in Appendix A, 

1. Prove that the circuit of Fig. 9-6 is equivalent to that of Fig. 9-5 if the secondary 
is tuned to series resonance. 

2 . The loaded Ql of a tank depends upon the energy-storage capacity compared 
with the rate of energy dissipation. For a given coupled-in load the Ql can be 
adjusted to the desired value by properly choosing Ci. Starting with Eq. (9-16), and 

assuming E pm to be approximately Ebb, prove that Ci » This relationship 

is useful in adjusting the tank circuit. 

3 . An 830-B triode is used in a single-tube class B r-f amplifier (to be used to amplify 
a modulated r-f signal). Maximum ratings are E bo = 1000 volts, I ba = 100 ma, P p = 
60 watts. Use E bo = 1000 volts and a parallel-tuned plate tank with Ql = 12, tuned 
to the carrier frequency fo — 1 Me. Approximate values of the tube parameters are 
n = 25, r p = 8000 ohms. Assume p = 2. Determine R/ 0 , E om , E cc , e Cmax , e bmin , 
E pm , I Pl m, ha, E P} 1 1 , P ac, P P (check), 7} p , L , and C . If this operation is for the greatest 
r-f amplitude for 100 per cent modulation, what is the value of E gm for the 
unmodulated carrier? 

4 . Derive expressions (9-48) and (9-49). Note that the value of the grid voltage 
for plate-current cutoff depends upon the instantaneous plate voltage at the instant 
of cutoff. 

6. An Eimac type 100TH triode is used in a class C amplifier. E b b = 2000 volts, 
and the desired plate power output is 235 watts. Make a design and compute the 
values of the same quantities as were determined in the example of Art. 9-5. Assume 
70 per cent efficiency. 

6. Sketch circuit diagrams showing how neutralization of a triode tuned amplifier 
can be effected by the methods suggested in Art. 9-6. 
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FEEDBACK AMPLIFIERS 


10-1. Distortion and Stability. It is well known that the output of an 
amplifier does not have a voltage waveform exactly a replica of the input 
signal. Because of the presence of inductance and capacitance in the 
tubes and circuits, the various frequency components of the signal are 
affected by different amplifications and phase shifts. Also because of 
nonlinear action of the tube itself, the output voltage is not exactly pro- 
portional to the input voltage. Again, if one or more of the bias voltages 
Eco, Eb<>, etc., varies, the operating point shifts and the resulting changes 
in fi, r V) and g m affect the amplification. The latter effect is sometimes 
useful as a volume control, or it may be the basis for a method of changing 
the waveform of the output in an easily controlled manner. The latter 
process, called modulation, sometimes takes place when not wanted, 
as, for example, when a poorly filtered plate-supply voltage is used. 
Whether this occurs in an a-f amplifier or in an r-f amplifier, the result 
may be noticeable in a loudspeaker as hum. The change in gain with 
change in operating point may be very objectionable for another reason: 
If a battery-operated amplifier has a certain normal gain, this gain may 
increase upon renewal or recharge of the batteries. This may not seem 
serious at first thought, but suppose we consider a long-distance telephone 
system. The energy given by the microphone alone may be sufficient for 
satisfactory local operation, but it normally needs building up by repeater 
(amplifier) units two or more times every 100 miles of line. Since these 
repeaters are distant from one another, they operate independently and 
a rise in gain for one is not automatically compensated for by a lower gain 
in the next. Hence a distant repeater may find itself with a signal far 
too weak or maybe too strong. What is needed for each repeater is a 
stabilizer which will make the amplification independent of small changes 
in operating biases. 

10-2. Interference. 1,2 In addition to the distortion and modulation 
products discussed in the preceding article, the output of an amplifier 
contains interference and noise components which have frequencies that 
are unrelated to the input signal. Plate-supply hum in a-f amplifiers may 
be considered as interference. This hum may be removed by more com- 
plete filtering, or it may be eliminated by the feedback processes discussed 
in this chapter. Other interference sources will now be considered. 
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1. Pickup due to magnetic and electrostatic fields is interference. For 
example, the region surrounding a power transformer contains a strong 
magnetic field varying at the power frequency. Any circuit conductor, 
as, for instance, a grid lead, will gain an induced voltage which may cause 
serious hum either by direct amplification or by the modulation process. 
It is well to place a power transformer at some distance from such con- 
ductors or, if placed close through necessity, to use a magnetic shield and 
orientate the transformer axis to obtain minimum effect. 

Electrostatic fields cause difficulty. For example, if a grid lead is near 
a 60-cps ungrounded power lead, a current may flow through the stray 
capacitance between them. If the entire circuit has low impedance, no 
harm is done, but in this case the impedance between grid and cathode is 
high and the flow of current through a series circuit consisting of the 
power generator, the power line, the stray capacitance, the high grid 
impedance, ground, and the return to the generator causes an appreciable 
grid signal which appears in the output as hum. Hence one should keep 
the grid leads away from other a-c leads. 

2. Radio-frequency interference often arises from ignition systems in 
automobiles, neon signs and fluorescent lights, sparking commutators in 
motors, and the like. The energy of this interference is spread through 
a wide band of frequencies and is often difficult to filter out of the r-f por- 
tion of a radio. Once the interfering voltage is in these amplifiers, mod- 
ulation takes place in the nonlinear parts of the circuit and an audible 
output results. Suppressors at the source of this interference, which 
eliminate the r-f generation, are the best cure for this difficulty. 

3. Alternating-current heating of cathodes is an important source of 
hum. If the cathode is of the filament type, the grid and plate return 
should be to the center tap on the heater-transformer winding or to a 
center-tapped resistor connected across the heater terminals. This 
makes the return to a point of average cathode potential, often reducing 
the hum in high-level tubes to a satisfactory value. For tubes using 
cathodes of large thermal capacity, indirectly heated with alternating 
current, this problem is largely eliminated, but not entirely so. The 
magnetic field surrounding the heater, the emission from the heater, the 
capacitance between heater and cathode — all are small but sometimes 
important sources of noise. If the cathode is grounded, it is usually best to 
connect one side of the heater or, better still, the center tap of the trans- 
former winding to the cathode. Sometimes it is necessary to make the 
heater 10 or more volts positive relative to the cathode to keep heater 
emission from affecting the grid. 

Even with d-c heating of the cathode there is some irregularity in cath- 
ode emission, which causes noise. One cause of this in heater-type cath- 
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odes is believed to be the movement of the heater within the cathode 
sleeve. This source of noise is of very low frequency content and is an 
important item in limiting the smallness of the grid signal which can be 
used with d-c amplifiers. 

4. Microphonic noises arise from vibration of the tube elements. 
Removal of the cause, mounting of the tubes on rubber, placing heavy 
caps on the tubes — all are helpful in reducing this noise effect. 

5. Noise due to random motion of electrons in a vacuum tube is always 
present and is a final limitation on the amount of amplification that can be 
made. The emission of the cathode is random, and this tends to make 
the operation noisy. However, the space charge present with normal 
operation makes the output considerably more noise-free. If there is a 
screen grid, the choice between screen or plate as the target for an electron 
seems to be random and hence pentodes are noisier than triodes. 

6. Thermal noise is that due to the voltage which appears between the 
terminals of a resistor and is caused by the random motion of the free 
electrons in the resistor. The noise voltage is greater for carbon resis- 
tors than for wire-wound ones. The effect increases with temperature 
rise. The components of this noise voltage lie in a very wide band of 
frequencies. 

To a radio listener hum is unmistakable. The noises due to thermal 
agitation and random electron motion in tubes appear as a background 
hiss when amplifiers with high gain are employed. Much study has been 
made of the problems relating to distortion and noise in an effort to raise 
the workable limit of amplification or to lower the limit on the size of sig- 
nal that can be successfully amplified. In this chapter we shall study the 
effects produced by the process known as feedback. 

10-3. How Negative Feedback Helps. If a voltage taken from the 
output of an amplifier is returned to the input, where it is combined with 
the normal input signal, a process termed feedback exists and the ampli- 
fier output is thereby modified from its nonfeedback value. The returned 
voltage may either increase or decrease the actual grid voltage for the 
first tube. In the latter event the feedback is termed negative. 

The action of feedback is somewhat complicated, but even a partial 
understanding of its effect is helpful before a more complete study is 
attempted. Let us study a simple example. 

Figure 10-la shows in block-diagram form an amplifier having a gain of 
10/180° and in which a noise voltage appears at a point somewhere 
between input and output. In order to obtain a signal output of 10 volts, 
it is necessary to apply an input signal of 1 volt. As shown in the figure, 
the signal-to-noise ratio in the output is 50. The distortion produced in 
the amplifier is assumed negligible for this amplitude of input signal. 
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Now, if it is desired to increase the signal-to-noise ratio to, say, 250, we 
may increase the input voltage as shown in Fig. 10-16. Since noise is 
independent of the magnitude of the signal, the noise output remains the 
same. The difficulty with this plan is that a fivefold increase in signal 
greatly increases the distortion in the amplifier and may even overdrive 
it so that the operation is no longer class A. 



(cl) 




ic) 


Fig. 10-1. (a) An amplifier with output signal-to-noise ratio equal to 50. ( b ) With 

increased input signal the output signal-to-noise ratio is increased to 250, but dis- 
tortion results, (c) With increased input signal and with negative feedback, the 
output signal-to-noise ratio is 250 and the distortion is negligible. 


An alternate method for achieving the desired signal-to-noise ratio of 
250 is shown in Fig. 10-lc. If a voltage equal to 0.4 of the output voltage 
(signal, noise, and distortion) is fed back into the input in such phase that 
the resultant input signal is decreased, the results shown are obtained. 
The total input grid signal being again 1 volt, the distortion is reduced to 
at least its original negligible state. The signal output is again at its 
original desired level, and the signal-to-noise ratio has been raised to 250. 
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10-4. Feedback and Its Effect on Amplification. Let us begin our 
detailed study of feedback by determining its effect on the amplification. 
The simplified block diagram of Fig. 10-2 represents an amplifier having 
an output voltage E' due to the 
combined action of an amplifier 
with amplification A and of a feed- 
back circuit with the ratio (5, where 
3 = E/&/E'. 5 an d A are both com- 

plex quantities. V 0 and E /6 are 
actually combined at the input, 
but it is somewhat more convenient 
to show the outputs combined. 

Except for second-order effects, 
which are ignored in these discussions, the results are the same in both 
cases. From the diagram of Fig. 10-2 


Amplifier 


eK 


Network 


Fig. 10-2. Block-diagram representation 
of a feedback amplifier. 


or 


E' = (V, + E /6 )A = V ff A + 


E' = 


AV, 

1 - A 


The over-all gain A' with feedback is therefore 


/ _ K _ A 
V, 1 - ?A 


( 10 - 1 ) 

(10-2) 

(10-3) 


Hence the gain A of the amplifier alone is affected by a factor 1/(1 — (5A) 
upon the application of feedback. 

From Eq. (10-3) it is seen that A ' exceeds A if 1 1 — (5A| < 1. Under 
this condition the feedback is called positive, or regenerative. If 1 — (5A 
= 0, A' becomes infinite even though A is finite and hence output can be 
obtained from the amplifier with no input. This condition leads to oscil- 
lation in the circuit. 

If |1 — (5 A | > 1, A' is less than A and the feedback is termed degen- 
erative, or negative. It is this type of feedback which holds our interest 
in this chapter. 

10-5. Effect of Negative Feedback on Stability. Let us consider the 
effect of a change in the gain of the amplifier alone on the over-all gain of 
a feedback amplifier. To do this, consider A to suffer a small increment 
dk. Then from Eq. (10-3) 


, (1 — (5A) dk + ?A dk 

(1 - 0A) 2 

(10-4) 

T* “TTITX" 

(10-5) 
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(The rules for the differentiation of complex variables are similar to those 
for real variables.) Hence the percentage change in the over-all gain of 
an amplifier with feedback is equal to the percentage change in the gain 
of the amplifier alone times a factor 1/(1 — (5A). 

If 1 — gA is very large, then (JA i s very large and 


A' - A _ 3 A 1 „ _I 
1 - ffA 1 - 0A 5 ~ 3 


(10-6) 


showing A' to be independent of the tube parameters and their variation. 
Also if (JA, called the feedback factor, is made very large, the amplification 
can have any desired characteristic by building the (3 circuit to have the 
inverse of that characteristic. 

10-6. Effect of Negative Feedback on Distortion and Noise. If dis- 
tortion and noise can be considered as changes in the amplification of the 
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Fig. 10-3. Block diagram of a nonfeedback amplifier. 


amplifier without feedback, the above discussion shows that these undesir- 
able effects are reducible by a factor 1/(1 — JA) by negative feedback. 

This general statement needs some qualifications, however, as it is not 
always applicable. Hence it is desirable to investigate the matter fur- 
ther. To do so, we may begin with Fig. 10-3, the diagram for a nonfeed- 
back amplifier with a single-frequency signal V g and amplification A. 
For simplicity we assume A to be the same for all frequencies. The sub- 
scripted A’s represent amplifications between input or output and the 
points of distortion, or noise introduction. D is the distortion of the sig- 
nal such as that due to nonlinear action of some tube. If we consider one 
frequency component only, some harmonic of V g , we may use complex 
representation for D. The value of D depends upon the signal level at 
the point of production, and hence it is sometimes written as D[AiV ff ], 
that is, D is a function of AiV ff . Actually D depends upon the total volt- 
age level at the point of production, but for simplicity it will be considered 
to depend upon the signal level alone. Noise is usually of an impulse 
type which cannot be approximated by a finite number of harmonics. It 
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suits our convenience to pretend that it is cyclic. Hence N is one fre- 
quency component of a cyclic disturbance occurring at a point somewhere 
in the amplifier. The noise N is independent of the signal. 

We may now write 


Eo + D 0 + N 0 = AV ff + A 2 D[A 1 V ff ] + A 4 N (10-7) 

From Eq. (10-3) it is seen that the application of negative feedback 
decreases the over-all gain of an amplifier. As it is generally undesirable 
to decrease the output voltage, there is a choice between two procedures. 
One is to increase the input voltage by a factor 1 — [5A, and the other is 



Fig. 10-4. A feedback amplifier with increased signal. 


to increase the amplifier gain sufficiently to make up for the loss due to 
feedback. 

Figure 10-4 shows an amplifier with feedback. The amplification of 
the amplifier alone is A, the same as that of the nonfeedback amplifier of 
Fig. 10-3. The input voltage is (1 — 0A)V ff , making E' equal to AV ff , the 
same as the output of the nonfeedback amplifier. The signal level at the 
point of distortion production may be called E", and it follows that 

E" = (1 - JAJV.A! + E'gAi (10-8) 

or since E' = AV ff , 

E" = (1 - gA)V ff A! + AVgQAi = A 1 V g (10-9) 

Hence D = D[A 1 V„] at the point of distortion production. 

We may now write 

e; + d' 0 + n; = a(i - (?A)v e + a 2 d[AiV„] + a 4 n 

+ (?A(E' + D' 0 -f N') (10-10) 
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or 

K + d'„ + n; = av„ + A 1 aD J A ^ - ° 1 + (10-11) 

By comparing Eqs. (10-7) and (10-11) we may draw some conclusions. 
Noise is affected by a factor 1/(1 — gA) upon the application of negative 
feedback. If the signal output level is maintained constant by increasing 
the input, this results in an improvement in the signal-to-noise ratio by a 
factor 1 - ?A. Note that a noise voltage is least disturbing in the output 
if it is produced in the output plate circuit where A 4 = 1. 

If distortion occurs in the output circuit, Aj = A, A 2 = 1, and hence 
the distortion in the output of the nonfeedback amplifier is D[AV tf ], while 
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Fig. 10-5. A feedback amplifier with increased amplifier gain. 


for the feedback amplifier it is D[AV fl ]/(l — gA), showing a lowering in 
percentage distortion (1 — gA) times. 

If distortion occurs in the grid circuit of the first tube, the distortion in 
the output of the nonfeedback amplifier is AD[Va], while for the feedback 
amplifier it is AD[V 0 ]/(1 — gA), showing again a lowering in percentage 
distortion (1 — gA) times. Thus, if the input voltage is increased suffi- 
ciently to make the output voltage the same as without feedback, distor- 
tion and noise in the output are affected by a factor 1/(1 — gA), both 
absolutely and percentagewise. 

We may now consider the second case. With the input signal the same 
as in the nonfeedback case, it is necessary to use a higher gain for the 
amplifier alone in order that E' again be equal to AV 0) the output of the 
nonfeedback amplifier. One can designate this new value of gain of the 
amplifier alone by A 0 . Figure 10-5 is a block diagram useful in explaining 
the action. The details may be worked out by the student (see Prob. 5 
at the end of this chapter). The results can be summarized as follows: 
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The required gain of the amplifier alone is 

A _ A 

Ao 1 + gA 


( 10 - 12 ) 


The output with feedback becomes 


E' + D' e + N' 0 = AV, + 


A 2 D[AV,/A 2 ] 
1 - 0A O 


+ 


A 4 N 

1 - 0A O 


(10-13) 


A study of formula (10-13) shows that distortion is reduced by feedback 
partly by cancellation and partly by less generation because of smaller 
signal amplitude. Noise arising near the output is reduced, making the 
signal-to-noise ratio larger by a factor 1 — 3A 0 . However, this improve- 
ment decreases for noises generated nearer the input, and at the input 
grid no improvement is effected by negative feedback. 

10-7. Feedback in Amplifiers with Low-level Input. If the signal 
voltage available from a pickup or other device is very small, it may be 
necessary to amplify it. Of the noises generated in the amplifier, that 
produced in the first tube is the most disturbing. We have seen that in 
this case the signal-to-noise ratio in the output cannot be improved by 
making a feedback-amplifier loop include the first stage, although it will 
be of benefit for noises originating in later stages and for nonlinear distor- 
tion occurring in any stage. Also Eq. (10-6) shows that frequency distor- 
tion is decreased if it is caused by the amplifier circuit. The use of gain 
preceding the feedback-amplifier loop is beneficial. If a vacuum-tube 
amplifier is used to produce this gain, the noise generated in it becomes an 
increased problem. However, it is sometimes possible to use an input 
transformer, which in itself is relatively noise free. This step-up turns 
ratio results in an increased signal on the first grid, thus giving improved 
signal-to-noise ratio. The benefits do not extend to noise originating in 
the pickup, for, of course, to the amplifier that is indistinguishable from 
the desired signal. 

In d-c amplifiers a slow drift in the plate current of the first tube, due 
to any cause other than the signal, is exactly like the signal effect, and 
hence feedback is useless in stabilizing the d-c amplifier against this fault. 
For drift in later stages, which is less important anyway, feedback does 
have a stabilizing effect. 

10-8. Voltage and Current Feedback. In feedback amplifiers a volt- 
age related to the output voltage is fed back to the amplifier input. The 
manner in which this voltage is obtained determines to some degree the 
properties of the feedback amplifier. Two arrangements are of especial 
interest. 

If the feedback voltage is obtained in such a fashion that (5 is independ- 
ent of the load impedance, the term “voltage feedback” is used. If, on 
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the other hand, the value of (3 is inversely proportional to the load imped- 
ance, the name “ current feedback” is used. 

To find the gain with feedback, we may use Eq. (10-3), 


A' = 


A 

1 - (3A 


(10-3) 


where (3 = E/&/E'. Figure 10-6 shows the circuit for a simple amplifier 
employing voltage feedback. The load Z L for middle frequencies is the 



Fig. 10-6. An amplifier with simple volt- 
age feedback. 


parallel combination of Rb, Raj and 
Ri + i? 2 . The value of (3 in this 
case is Rz/(Ri + 2? 2 ), and if the load 
is varied by changing R b and/or R g 
(but not R 1 and \ which serve 
only as a high-impedance voltage 
divider) , the value of (3 remains con- 
stant, as it should. For this ampli- 
fier we may use Eq. (7-3) to write 

a = (1(M4) 

T P + Z L 


Substituting from Eq. (10-14) into Eq. (10-3) yields 

— jdZ L /(r p + Z L ) — vZ L — m/(1 + 3m) 


A' = 


Hence 


1 + 3 




r P + Z 


t p + (1 + m3)Zl r p /( 1 + 3m) 


[— /x/(l + 3 m)]Va 
0 rp/{l + fr) x 


+ 1 


(10-15) 


(10-16) 


Since (3 is independent of Z L , we see that if 1 + 5 m bas considerable mag- 
nitude so that I Tp/ (1 + 5m) | is small compared with Z L , the output voltage 


becomes approximately independ- 
ent of the load. Thus this ampli- 
fier tends to take on the character 
of a constant-voltage generator, 
whence the name “ voltage feed- 
back” is derived for this type of 
circuit. 

For current feedback 

3 = ~ (10-17) 



Fig. 10-7. An amplifier with simple cur- 
rent feedback. 


where k is independent of Zl. Figure 10-7 shows an amplifier with simple 

current feedback. Here 
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Rk 

Rl 


The gain from grid to output is 

A — ~ — — hRl 

E 0 r p + R l + Rk 

Hence 

A' = A _ —fxR L /(r p -{- Rl ~f~ Rk) _ —i*Rl 

1 — §A Itk m Rl + (1 + i±)Rk + Rl 

Rl Tp -f* R l "f* Rk 

and 

r _ K _ -A'V, _ 

P Rl Rl L r P + (1 + v)R k + R L 

Since without feedback the value of I p would be given by 

I =: mV 0 

p r p + R k + R l 


(10-18) 

(10-19) 

( 10 - 20 ) 

(10-21) 

(10-22) 


it is seen that the effect of this feedback is to make the plate current less 
dependent upon R L . This constant-current character gives the name 
“current feedback” to this type of circuit. 
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Fig. 10-8. A Thevenin’s representation of a multistage amplifier. 


10-9. Multistage Feedback Circuits. In many cases it is desirable to 
use more than one stage in the feedback amplifier. To compute the 
approximate performance of the circuit, it is sometimes convenient to 
represent the whole amplifier by a Th^venin’s equivalent circuit. Such 
a representation is shown in Fig. 10-8 for an amplifier without feedback. 
To determine this circuit, one may imagine each stage of the amplifier to 
be represented in its ordinary linear-equivalent fashion. If Z L for the last 
stage is removed and the output impedance obtained with the first-stage 
grid tied to the cathode, thus making all equivalent-generator voltages 
zero, the value obtained is Z int . With E ff again applied to the grid of the 
first tube of the amplifier, Th6venin’s equivalent generator may be labeled 
with an equivalent emf A^E^, where 


A oc — A 1 A 2 A 3 • • • A n _iA noe (10-23) 

A oc of an amplifier means the gain of that amplifier with infinite a-c load 
impedance. 
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The polarity of the equivalent generator is chosen with positive sign 
toward the output terminal designated as positive in labeling E 0 . Alter- 
natively, of course, the emf may be expressed as — A 0C E fl and the sense 
signs reversed, as has been done in preceding portions of this book. It 
should be noted that the new equivalent circuit resembles that for a single 
stage and hence simplifies the analysis. 

Figure 10-9 shows an equivalent circuit for an n-stage amplifier with a 
feedback network. Y g and E p are values for the first stage. The (5 net- 



Fig. 10-9. A representation of a general voltage-feedback circuit. 



Fig. 10-10. Testing a voltage-feedback circuit for output impedance. 

work is in general a four-terminal one and may range in complexity from 
direct connections to quite elaborate circuits. 

Because of the fact that the source of V g may have one side grounded 
and the load receiving E' may also be grounded, it may be impossible to 
use a circuit actually wired in the manner indicated in Fig. 10-9. In 
practical circuits the feedback voltage is introduced into the grid circuit 
of the first tube of the feedback loop in various ways, some of which are 
illustrated in later examples. 

10-10. The Effect of Feedback on Output Impedance; Equivalent 
Circuits. Let us consider the general voltage-feedback circuit of Fig. 
10-9, redrawn in Fig. 10-10. The voltage source for is removed and 
the input shorted, while a voltage E is applied to the output terminals as 
shown. The current I which flows may be determined by calculating Ii 

and I 2 . 
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J E AoeEg 

li = 2 

"int 

(10-24) 

Here 

E ff = E f b = (JE 

(10-25) 

Hence 

T _ E(1 - Aoc?) 

Al 7 

“int 

(10-26) 


I _ E 

A 2 - 7 - 

(10-27) 

Therefore 

(10-28) 

— l4^ + i] 

and 

Z... - f - ! 1 

(10-29) 


Zint/(1 — Aoc(5) Zj3 


Thus Z out is the internal impedance of the amplifier without feedback 
divided by 1 — A 0C [J, in parallel with the impedance of the feedback net- 
work as seen from the amplifier-output end. This does not include the 
load impedance, which is also a shunt. Hence the output impedance of 
an amplifier itself appears to be changed by a factor 1/(1 — A 0C J) upon 
the application of voltage feedback. 

The gain of the amplifier of Fig. 10-9 may be determined by using Eq. 
(10-3). In this case A = Z L A oc / (Z int + Z L ) y where Z L includes the shunt- 
ing effect of Z/j. Hence 


Z^ + Zl ° c _ A 0C Z L 

Z L A a Z int + Zl( 1 — Aocg) 

z^+zl Aoc ® 


a oc z l 

1 AorS 


Zi, 


1 Aoc 5 


+ Z, 


(10-30) 


This result suggests the circuit of Fig. 10-11, which yields the same over- 
all gain and which has the correct output impedance. Since A' = E'/V fl , 



Fig. 10-11. A nonfeedback equivalent of a voltage-feedback amplifier. 


the new internal emf can be expressed as 

V 

1 - A„c3 ‘ 


(10-31) 
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showing that A oc also has been affected by a factor 1/(1 — A oc (5), while 
V 0 replaces E ff . Hence Fig. 10-11 is a nonfeedback equivalent of an 
amplifier with voltage feedback. 

In the case of current feedback (Fig. 10-7) the output impedance may 
be determined as before by applying a voltage to the output. However, 
as a variation let us use the alternate method of obtaining a nonfeedback 
equivalent circuit. This may be done by paraphrasing Eq. (10-20) to 
obtain the amplification of a general current-feedback circuit of any 



Fig. 10-12. A nonfeedback representation of a current-feedback amplifier. 


number of stages, the feedback voltage being formed by the load current 
of the last tube passing through a feedback impedance Z Then noting 
that the simple single-stage current-feedback amplifier has A oc = —p, 
Z int = r v , and Z L = R L , we may write 


A' = 


A oc Z L 

Zint + (1 — A oc )Z/6 + Zl 


(10-32) 


Since Eq. (10-32) resembles the gain formula for a nonfeedback amplifier, 
we may draw Fig. 10-12 to represent a current-feedback amplifier. The 

effect of current feedback is that of 
increasing the output impedance 
of the amplifier. 

10-11. Some Practical Feedback 
Amplifiers. 1. The Cathode Follower. 
The cathode follower studied in 
Arts. 7-24 and 7-25 is a feedback 
amplifier. Many of the important 
facts concerning this circuit have 
already been discussed in those articles, but it is interesting to treat this 
amplifier by the feedback methods. The circuit of Fig. 7-51a is repeated in 
Fig. 10-13. Figure 10-14 is the equivalent circuit of this amplifier, which 
shows how the feedback is obtained. R lg is considered to be very high 
in value. A oc = \x [Eq. (10-23)]. Note that the plate is at ground poten- 
tial in this circuit, and it is convenient to have the negative sense of E' on 
this side. Z int = r p . 



Fig. 10-13. A cathode-follower circuit. 
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Figure 10-15 is another equivalent circuit for the cathode follower, 
which is obtained in the following manner: Since the equation (5 — E/&/E' 
= — 1 does not contain Z x , this is voltage feedback. To obtain the inter- 
nal impedance, one may employ Eq. (10-29). Since the impedance Zp 
is infinite, the value of Z out becomes 


Z 


out 



1 - A, c § 


1 + M 


(10-33) 


which is the new internal impedance. The equivalent emf for the circuit 



Fig. 10-14. An equivalent circuit for the cathode follower showing the feedback 
arrangement. 



Fig. 10-15. A nonfeedback equivalent of the cathode follower. 


can be expressed as 


AocV ff fl 

1 — A oc (5 1 + m 


V ff 


(10-34) 


The over-all gain of the amplifier for middle frequencies is easily 
obtained from Fig. 10-15. 


A' = 


Rl M 

v p/ (1 + m) + Rl 1 + M 


(10-35) 


which is identical with Eq. (7-89). 

2. Cathode Degeneration . The use of a cathode resistor R k to furnish 
grid bias causes a reduction in gain below the normal value at some fre- 
quencies. If a bypass capacitor C k is not used, the gain will be the 
reduced value up to some high frequency where stray capacitance begins 
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to shunt Rk. If Ck of sufficiently high value is employed, the gain will be 
decreased appreciably only for frequencies below some low value. The 
main problem is to remove the transition from high to low gain from the 
operating region, and either the inclusion or the omission of Ck may be 
employed. Since high operating gain is usually desirable, the common 
solution to the problem is to place the transition at frequencies below the 
useful operating range. 

The determination of the proper value of Ck to be employed is rather 
involved, and numerous schemes have been proposed for handling the 
matter. A common one is to use Ck sufficiently large that X Ck is 0.11?^ at 
the 1-f end of the operating range. This plan is also often followed in the 
case of Cd shunting R d , the screen resistor, and certainly the method has 

the merit of simplicity. However, 
rather obviously, the degenerative 
effect of Z k , the parallel combination 
of Rk and Ck } depends not only upon 
its own value but also upon the 
tube parameters and the plate-load 
impedance, and the latter two items 
are ignored by the 0.11?^ rule. So 
while admittedly the results given 
by this simple plan are satisfactory 
in many instances, it is desirable to investigate the matter further. 

Let us refer to Fig. 10-16, in which Z L represents the entire plate load, 
excluding Z k . Ebb is not shown since its position in the circuit is not 
definite and it is not important in our present consideration. Figure 
10-1 la is a linear equivalent circuit showing feedback connections. From 
it we see that 3 = Z fc /Z L , and hence this is current feedback. Therefore, 
a more simplified equivalent circuit can be drawn, as shown in Fig. 10-176. 
In obtaining the latter the diagram of Fig. 10-12 is used as a model. 
Aoc = — n. Although the position of the actual output voltage is indef- 
inite (depending upon the actual configuration of Z L ), we can consider 
the output voltage as E'. 

The gain can be obtained by reference to Fig. 10-176 as 

A , = K = -mZl 

V ff r p + Z L + (1 + fi)Z k 


where A is the gain of the amplifier with perfect bypassing of R k . By a 

somewhat involved procedure one can show that the following expression 


— pZ L /(r p + Z L ) 
Tp + Z L 


1 + 


1 +M 

'v + 


(10-36) 



Fig. 10 - 16 . R k causes feedback if inade- 
quately bypassed. 





FEEDBACK AMPLIFIERS 


315 


can be evolved, 


where 


A' _ Z(1 + j*C k R k ) 
A R k ( 1 + jM) 


(10-37) 


R k [(r p + Z L )/( 1 + M )] 
Rk + [(r P + z L )/ (1 + fi)] 


(10-38) 


It may be seen that Z is the effective impedance between cathode and 
ground, excluding C k . 






Fig. 10-17. Equivalent circuits for the amplifier of Fig. 10-16. 


In the general case of any complex value of Z, it is difficult to evolve 
an explicit expression for C k . However, as an approximation the plate 
load Z L for an ft-C-coupled amplifier or for a transformer-coupled power 
amplifier is resistive in the operating-frequency range, and useful results 
can be obtained by assuming X = 0 so that Z = R + j0 . Then Eq. 
(10-37) can be changed to the form 


A' _ 1 - j(l/wC k R k ) 
A 1 - 


(10-39) 


If we consider the transition point from low to high gain to be marked by 
the frequency ft at which A 1 / A = x , this would mean 

ViT (1/WCfcW) 

Vi + (l/o> t *C k >R*) 


- x 


(10-40) 
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from which we can solve for X Ct at the frequency /,. 

I "Y 2^2 

Xc * = \ (x*/Wj - (1/i?* 2 ) 


(10-41) 


As an example of the use of this formula, consider the amplifier of Fig. 

10-18. tf low is approximately 500,000 
= /OKU T T ° ohms, and the low end of the mid- 

= 20 T _\ S jjj> > 500 frequency band is at 10/i = 10/2 ttR 1ow 
\r— i/ |\ K K SI C = 159 cps. Suppose it is desired 

■=- lOOKfl to ^ ave the g a i n a t 159 cps no less 

than 0.9yl mid on account of cathode 
^ ^ Ck degeneration. R l ~ 83,000 ohms, 

_ „ , ... and hence, by Eq. (10-38), Z = R = 

,10-18. What va ' ue of C , should be ^ y ^ooq/21 , 


Fig. 10-18. What value of Ck should be 
used? 


2500 + 93,000/21 


= 1600 ohms. By 


formula (10-41), X Ct = 1100 ohms, and it follows that C, 
minimum value to be used. 


0.91 4 is the 


SO K SI 



ia 1 



Fig. 10-19. An amplifier with a one-tube feedback loop (a) and its equivalent cir- 
cuit (6). 

3. A Single-tube Voltage-feedback Arrangement. Figure 10-1 9a shows a 
commonly used feedback arrangement, and Fig. 10-196 is its linear equiv- 
alent circuit useful for middle frequencies. For the 6F6 tube suppose 
tube-manual data are R L = 7000 ohms, r v = 80,000 ohms, g m = 2500 
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micromhos, and y = 200. P ac ~ 3.2 watts for a peak grid signal of 16.5 
volts. There is 8 per cent harmonic distortion. It follows that E p = 
\/P<icRl = 150 volts and A mid = — 150 V ’2/16.5 = — 12.9. (This estimate 
of Amid is probably better than that obtained by using QmR sh*') 

Suppose it is desired to reduce the harmonic distortion to 2 per cent. 
Then |l — (5A| = % = 4, and therefore a value of 5 = 0.232/0° is 
required. Since (3 depends upon the resistors in the interstage coupling 
circuit, it is necessary to consider the design of the 6SJ7 circuit. 

The required peak grid drive for the 6F6 is 16.5 volts, and hence the 
output of the 6SJ7 must be 4 X 16.5 = 66 volts peak value, or 46.7 volts 
rms. The tube manual or Appendix B is consulted for satisfactory cir- 
cuit values. The ones chosen are shown in the figure. In particular 
R g = 0.27 megohm, R h — 0.1 megohm, A = 94, and the stated percent- 
age distortion is 4.2. 

It should be noted that R b is not represented by a single resistor. R b 
is equal to R b in series with the parallel combination of R 2 as one branch 
and Rr and the transformer primary as the other branch. If we choose 
R b as 80,000 ohms, then the combination of the other resistances named 
above must amount to approximately 20,000 ohms. It is desirable that 
R i + R 2 be quite high so as not appreciably to lower the load on the 6F6 
tube below that given by the transformer. 

The voltage drop across R g is E 2g . By superposition, this voltage drop 
is the sum of the voltage drops caused by the two generators yiE lg and 
M 2 E 2 0 . Since the drop caused by the former is the normal nonfeedback 
value of E 2g , it follows that the drop caused by the latter is E/&. Since (5 

Rz 0.21 

is the ratio of E/& to E 0 , we may write (3 = g ^ Q 21 + ' 0 08 = ^232, 

where 0.21 megohm is the parallel resistance of r Xv and R g (assuming r lp 
to be approximately 1 megohm). This assumes that R bj R g , and ri p con- 
stitute a negligible shunt on R 2 . 

Now we can solve for Ri to obtain Ri = 2.1^2. If we choose Rz as 
27,000 ohms, then R 1 = 57,000 ohms. A check on the parallel combina- 
tion of the resistors mentioned above yields 19,000 ohms as the a-c resist- 
ance and 18,300 ohms as the d-c resistance. These values are satisfactory 
close to the desired value of 20,000 ohms. 

The gain of the 6SJ7 is 94. Hence an rms input signal of 46.7/94 = 
0.5 volt is needed. The harmonic distortion of 4.2 per cent given by the 
tube manual applies here since the desired output voltage agrees with the 
tube-manual value. This percentage distortion in this case will roughly 
add to that of the 6F6 stage, making the total about 6 per cent. Thus we 
see that our purpose of reducing the distortion has been poorly accom- 
plished. Increasing [5 A may not improve the results as its effect is only 
on distortion originating in the 6F6 stage. 
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4. A Two-tube Feedback Circuit. Figure 10-20 shows an example of 
this type of feedback arrangement. The voltage fed back from the out- 
put is introduced into the cathode circuit, rather than the grid circuit, of 
the first tube to offset the phase reversal of the additional stage. Since a 
voltage E fb in the cathode circuit of the 6SJ7 acts in both the grid and the 
plate circuits of this tube, its total effect is the same as (/x + l)E/& volts 
in the plate circuit alone or [(/x + l)//x]E /& volts in the grid circuit alone. 
fj, being very high for a 6SJ7 tube, (/x + l)//x is practically unity, and 
hence feedback to its cathode in this case is equivalent to feedback of the 
same voltage to its grid alone. 

The circuit values for the 6F6 are those of the previous example: Rl — 
7000 ohms, r p = 80,000 ohms, g m = 2500 micromhos, /x = 200. For the 



6SJ7 it should be noted that its plate current in passing through R 2 causes 
feedback, which reduces the gain for this stage and to some degree lowers 
its distortion. It is well to choose a 6SJ7 circuit design which will yield 
a gain somewhat higher than that of the previous problem, in order to 
compensate for the loss due to this current feedback. This design choice 
is somewhat a matter of trial and error, and we may tentatively choose 
the circuit values shown in Fig. 10-20. Here A = 200, and maximum 
rms output voltage is 50. The harmonic distortion for maximum drive is 
4.7 per cent. 

Rl , the plate load for this stage, is R b in parallel with R g , and it has a 
value of 213,000 ohms. The current feedback (3 is R^/Rl — 1200/213,000 
= 0.0056. The gain A[ is Ai/(1 - &A0 = —200/(1 + 0.0056 X 200) 
= —200/2.12 = —94.3. If this value of gain for the 6SJ7 stage is used, 
the feedback from the 6F6 plate may be considered in effect to be intro- 
duced into the 6SJ7 grid circuit in series with the signal voltage Vi 0 . 

The output impedance of the amplifier alone, as seen by the transformer 
primary, is the plate resistance of the 6F6, 80,000 ohms. The internal 
emf is A oc Ei0 = Ai( — fi 2 E lg ) = —94.3 X (— 200Ei ff ) = +18,86OE l0 . An 
equivalent circuit for the two-stage amplifier is shown in Fig. 10-21. 

The distortion for the 0SJ7 with current feedback is D / |l - §A X \ = 
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4.7/2.12 = 2.2 per cent, if the output of this stage is made 50 volts rms. 
However, with the desired output of 16.5 X 0.707 = 11.7 volts rms, the 
distortion is roughly 2.2 X 11.7/50 = 0.5 per cent. (This assumes that 
the variation of distortion with drive for a pentode is approximately 
linear, the same as for a triode. This approximation is fairly reliable for 
high-plate-voltage operation. See Art. 7-16.) The distortion in the 
output without voltage feedback is approximately 8 + 0.5 = 8.5 per 
cent. If we wish to reduce this to 2 per cent, then |1 — (3A| = 8.5/2 = 
4.25 and 0A = -3.25. Here A = (18,860 X 7000) /(80, 000 + 7000) = 
1520, and hence (5 = -3.25/1520 = -0.00214. Then (3 = -R 2 /(Ri + 
r 2 ) = -0.00214, and R l = 467tf 2 = 467 X 1200 = 560,000 ohms. 

a 


Fig. 10-21. An equivalent circuit for the amplifier of Fig. 10-20. 

Ri and R 2 constitute a negligible shunt on the 7000-ohm load. R i is 
so large that the assumption that R 2 is the feedback resistor for the 
current-feedback case is justified. 

The required peak input voltage for the 6F6 is 16.5 as in the previous 
case, while the peak grid voltage for the 6SJ7 will be 16.5/200 = 0.083 
volt. Because of current and voltage feedback the input voltage V\ Q m 
must be 0.083 X 2.12 X 4.25 = 0.75, and Vi g — 0.53 volt rms. 

In the case of the circuit of Fig. 10-19, the required rms input voltage 
was 0.5 volt, approximately the same as in this case. Hence both circuits 
perform somewhat the same, but only that of Fig. 10-20 successfully 
reduces the distortion. 

We have introduced the feedback voltage into the cathode circuit of the 
6SJ7 to compensate for phase reversal. It is often simpler to obtain the 
feedback voltage from a transformer secondary with the proper polarity 
to allow the feedback voltage to be introduced into the 6SJ7 grid circuit. 
This avoids the loss in gain due to current feedback. Furthermore, there 
is an additional advantage in that distortion caused by imperfect trans- 
former performance is greatly reduced. In practice the phase shift 
caused by the transformer may result in a difficulty similar to that illus- 
trated in Art. 10-12. 

10-12. Oscillation in Feedback Amplifiers. In the examples of simple 
feedback circuits of the preceding article the amount of feedback varies 
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somewhat with frequency because of series or shunt reactances in the cir- 
cuits. In some cases this variation is so great that a circuit designed to 
give negative feedback at middle frequencies may give positive feedback 
in some other frequency range and may even break into oscillation. 

In Art. 10-4 it was stated that 1 — (3A determines the character of the 
feedback. Hence it may be helpful if [3A is plotted, say in polar coordi- 
nates. Figure 10-22a shows this plot for the simple amplifier of Fig. 
10-6. Here 3 = + #2), and as it is independent of frequency, 

the (3A graph is similar to the A graph. A raid = — g m Rsh , while 

* A mid Amid A m id 

arctan(-£j ~ Vl+tan’fl/z* 

' = A mld cos 0/180° + 0 



Here 0 is the phase shift away from 180° and equals arctan (Ji/f). The 

locus of A iow = A mid cos 0/180° + 0 is a 
semicircle in the third quadrant. 
Likewise the polar plot of A high = 

A m id 



is also a semicircle, in the 
See also Arts. 7-12 


1 - jWh) 

second quadrant, 
and 7-13. 

Figure 10-226 shows a polar plot of 
1 — 3 A for the same amplifier. The 
point 1 + jO has been assumed to be in 
the position shown. Recalling that 
if |1 — (3A| < 1, the feedback is posi- 
tive, it is seen that the vector 1 - gA 
would need to terminate within the 
unit circle with center at 1 + jO. If 
the 1 — (5A vector terminates at the 
pole, A' becomes infinite and oscillation 
occurs. In the case of this amplifier 
the vectors always terminate outside the unit circle except for zero fre- 
quency, and hence the feedback is negative for all other frequencies. 

Some saving in time results if conclusions can be reached by drawing 
only a [5A locus. Note that in Fig. 10-22a the feedback is always nega- 
tive (except for zero frequency) because the 5 A vector never terminates 
within the unit circle with center at 1 + jO. Termination at 1 + jO 
would result in oscillation. 

Figure 10-23 shows the [5A diagram for a single-stage amplifier with an 
interstage transformer in the feedback loop (see Art. 7-29). It is seen 
that in the h-f range the feedback becomes positive. The locus does not 


Fig. 10-22. Determination of the 
stability of the amplifier of Fig. 
10-6. (a) The (?A diagram. (6) 

The 1-(JA diagram. 
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pass through 1 + jO. Our discussion of the conditions for oscillation has 
not been complete as this is beyond the scope of this book. Nyquist 5 has 
shown, however, that if the (5A locus encircles or passes through 1 + jO , 
the circuit oscillates. 

It may be readily perceived that in amplifiers with multistage feedback 
loops, the phase shift at high or at low frequencies may progress so rapidly 
that oscillation will occur in one of these 
bands. The design problem in such ampli- 
fiers is to reduce the gain rapidly enough 
so that the locus fails to encircle the 1 + jO 
point. For example, to design a three- 
stage feedback loop it is advisable to 
arrange two of the stages to have a much 
wider middle-frequency range than 
required for the working band. Then the 
phase shift for each of these will be low 
over this band. The third stage is then 
designed to have a sharp cutoff at the 
edges of the working band, and this reduces the over-all gain rapidly 
enough to satisfy the conditions for nonoscillation at any frequency. 
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PROBLEMS AND QUESTIONS 

1. An amplifier having a gain of 100 /180° has an output of 100 volts at the signal 
frequency, together with 1 volt of noise. The noise originates at some point in the 
amplifier. If the signal-to-noise ratio is to be increased to 1000 without changing 
the magnitude of the signal output, discuss the ways in which this might be attempted. 
For one way, determine the fraction of the output voltage which must be fed back 
into the input, and also determine the required signal input voltage. 

2 . An amplifier having a gain of 100 /180° has an output of 100 volts at the signal 
frequency, together with 5 per cent of second-harmonic distortion. Assume that the 
distortion voltage in the output varies as the square of the voltage on the first grid, 
(a) Draw box diagrams showing how the distorting voltage can be reduced to 1 per 
cent. (6) What input voltage is required and what fraction of the output voltage 
must be fed back if the output voltage remains constant at 100 volts? 

3 . An amplifier has a voltage amplification of — 50 ± 4 per cent, the variation 
being due to changes in operating voltages. If negative feedback is added from out- 
put to input, with (J = 0.08, what is the new voltage amplification? Determine its 


Locus of 



Fig. 10-23. The (5A diagram for a 
transformer-coupled stage with 
feedback. 
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percentage variation. Obtain the answers by using Eq. (10-5) and also by drawing 
a box diagram in the manner of Prob. 2. 

4. Draw a circuit with negative feedback and having a (3 network which causes the 
voltage output to rise at high frequencies. 

5. If the output voltage of a feedback amplifier is maintained at the nonfeedback 
level by raising the gain of the amplifier in the feedback loop (see Fig. 10-5), prove 
the relationships expressed in Eqs. (10-12) and (10-13) and the conclusions concerning 
distortion and noise stated in Art. 10-6. 

6. A single-stage amplifier has a gain A = — 6 and an output of 120 volts with 
6 per cent harmonic distortion. If negative voltage feedback is to be used to reduce 
the distortion to 2 per cent, what value of 5 should be used and what input voltage 
will be required if the output is to be maintained at 120 volts? 

7. A one-stage amplifier with voltage feedback uses a tube with /x = 20, r p = 12,000 
ohms. The load is Rl = 100,000 ohms. 3 = 0.1/0°. What /x and r v values would 
a tube need to have in a nonfeedback amplifier having the same Rl and the same gain? 

8. Repeat Prob. 7 if the feedback amplifier has current feedback with 5=0-1 
caused by a cathode resistor of 10,000 ohms. 

9. What is the value of output impedance of the amplifier of Fig. 10-19, discussed 
in Example 3 of Art. 10-11, as seen when looking into the secondary of the output 
transformer (step-down ratio 10:1)? 

10. Draw a nonfeedback equivalent circuit for the amplifier of Fig. 10-20, labeling 
all components. What is the output impedance as seen from the secondary of the 
output transformer (step-down ratio 10:1)? 

11. See Fig. 10-24. For the tube /x = 20, r v — 20,000 ohms. Rb = 100,000 ohms, 
R g = 500,000 ohms, tapped at 5000 ohms from the bottom end. C and Ck are very 



large. For middle frequencies determine (a) the gain of the amplifier, ( b ) its output 
impedance. 

12. For the 6SJ7 design of Art. 7-16, determine the value of C* needed to limit the 
degenerative loss in gain at fi to 1 per cent. An approximation can be made by 
assuming ( r p 4- Rl)/{ 1 +/*)«* 1 /g m * The value of g m can be estimated from the 
formula A = g m R,h. 

13. Remove the feedback connection from Fig. 10-24 (Prob. 11), and determine C 
to make the mid-frequency band extend down to 100 cps. Also determine the value 
of Ck needed to make the current feedback caused by Zk ineffective at 100 cps. Assume 
Rk = 1500 ohms. 

14. Redraw the circuit of Fig. 10-20 so that the feedback voltage is taken from the 
secondary of the transformer instead of the primary. Determine the correct trans- 
former polarity. Determine the value of Ri to be used to accomplish the results 
desired in Example 4 of Art. 10-11. What additional benefits are derived? What 
undesirable results, if any, might occur? 



CHAPTER 11 


OSCILLATORS 


11-1. Types of Oscillators. In this chapter we shall study certain 
essentially electronic circuits which produce an a-c output, using only a 
d-c source of energy and no external a-c controlling voltage. Such 
devices are called oscillators. Being without external frequency control, 
an oscillator must have a self-contained frequency-determining portion. 
This portion takes various forms, the commonest being parallel L-C cir- 
cuits and R-C networks. The latter are used in delay lines, in bridge cir- 
cuits, and in tube circuits having two stable modes of operation. Some 
oscillators produce an output voltage which is essentially sinusoidal in 
form, others produce a saw-tooth wave, others a square wave, and so on. 
There are many kinds of oscillators, and a book could be written exclu- 
sively about them. We shall devote this chapter to selected topics 
considered to be of major interest. 


Ultrahigh-frequency oscillators are I 


l 

not treated, as the general techniques 1 . 

L t 

k 

t ° 

for such frequencies are outside the iA < r iJ < 

> R uU 

*4 g 

scope of this book. . T < 

> i 

o 

/ 

11-2. The Parallel L-C Circuit as — ^ | 


1 


a Generator of Oscillations. Most Fl0 u . 1# An impulse is applied to 
of us have some acquaintance with an L-C tank, 
a long pendulum having a heavy bob. 


Whether gently pushed to and fro in a class A manner, pushed from one 
side only in class B fashion, or just bumped at the right time in class C 
style, the pendulum bob swings back and forth in approximately simple- 
harmonic motion. Many of us are also aware of analogues between 
mechanical devices and electrical circuits, of the fact that a differential 
equation describing the action of a mass-spring-damper device is in the 
same form as the equation applying to some L-C-R electrical circuit. 

With these things in mind, let us study the action of a coil in parallel 
with a capacitor. In Fig. 11-1 consider a tank circuit of L and C to have 
a loss resistance represented in parallel form by R. This loss may be due 
to energy dissipation in the inductor and in the capacitor or to energy 
delivered to a load. The parallel representation is only approximate, and 
an alternate method of handling the losses would be by a resistor in series 
with L. This representation being also approximate, we choose the more 
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convenient form. Let us also assume an impulse of voltage of any wave- 
form — pulse, sinusoidal, or otherwise — to be applied across the tank, and 
let r be the internal resistance of the impulse source. Figure 11-1 shows 
Norton's form of the circuit. 

We may write the following circuit equations: 


ii + 2*2 + id + n = i 



( 11 - 1 ) 

(H-2) 


From these equations we may solve for any of the currents i h f 2 , u y or 
n in terms of i and the circuit parameters. All the current solutions are of 
the same general form, and we may take that for n as representative. 
Using Eqs. (11-2) to eliminate U, f 2 , and u from (11-1), we obtain 

?t + S § + 

or 

j sy d 2-4 - j R t d% 4 | • . / 1 i j \ 

LC ^ + L ^rit +u = t (11 ' 4) 


The general solution of this second-order differential equation contains 
two arbitrary constants and is usually treated in two parts. One part, 
called the particular integral, depends upon the current i; it satisfies Eq. 
(11-4) and contains no arbitrary constants. If i is sinusoidal in wave- 
form, there is no especial difficulty in finding the particular integral, for 
this is the value of u obtained as the ordinary steady-state a-c solution 
of the circuit. If i is nonsinusoidal, there is considerably more difficulty. 
However, in the present case our immediate interest is in the second part 
of the general solution, called by mathematicians the complementary 
function — the part which contains the two arbitrary constants. The cur- 
rent which is the solution to this part has a waveform which is independ- 
ent of that of the impulse i. We shall show that it is possible to obtain 
an approximate sinusoidal waveform for this current. This solution is 
obtained by solving Eq. (11-4) with i replaced by zero. Hence we wish 
to solve 

t /y d % 4 . t R I t d % 4 . a i 

LC W +L -RT-dt +u = ° (11 ' 5) 


Substituting u = e mt as a possible solution yields the requirement that 


LCm 2 + L ^ T m + 1=0 
Rr 


( 11 - 6 ) 
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or that 

L[(R + r)/Rr] ^ [L 2 [(R + r)/Rr ] 2 - 4LC 
m 2 LC ~ yj 4L 2 C 2 

1 . • 1 /, L(R + r y 

2C[Br/(« +r)]~ J ^ LC V 4C\ Rr ) 


(11-7) 


There being two values of m which make e mt a solution, we may write 
these solutions as e mit and e mit . It is easily shown that the expression 
n = Ae mit + Be m2t also satisfies Eq. (11-5), and hence this is the com- 
plementary function. Substituting from (11-7) and factoring yields 


= exp 


2 C[Rr/(R + r)] 


(Ae iwt + Be-’” 1 ) 


where 


a; is a real number if 


= _J_ L_l(r+ a 
VLC\ 4 C\ Rr J 

4C V Rr ) 


i - e -’ if yjl 


l£ 

Rr f 

Jl 

R + r | 


>l’ w 


Rr 

R + r . 1 

> tv or 


C OqL 2 

|Q0 e J > H 


( 11 - 8 ) 

(H-9) 


(11-10) 


(11-11) 


where Q 0eq is the equivalent circuit Qo [see Eq. (7-158)] and subscript 0 
refers to conditions obtaining at the resonant frequency for which coo L = 
1/coo C. Since 

e jx — cos x + j sin x (11-12) 


we may change Eq. (11-8) to the form 


o n 

n = Ke «+»* cos (wt + 9) (11-13) 

where K and 6 are arbitrary constants used for convenience to replace 
combinations of the former ones, A and B. The expression cos (co£ + 6) 
is useful only if co is real, which means if |QoJ > K- If this latter con- 
dition does not hold, the solution for n reverts to the form (11-8) with co 
either zero or a pure imaginary, making all of those exponentials real and 
the solution nonoscillatory. Now it is not at all difficult to make |Q 0 J 
much greater than and if we do, Eq. (11-9) reduces to 

1 

VW “ 


CO ~ 


(11-14) 
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and the inductor current ii is oscillatory with a frequency closely that of 
resonance. Likewise the capacitor current and the currents through R 
and r can be found to have the same waveform and frequency. 

The amplitude of the oscillatory current u is approximately 

t 

2 c— 

h m = Ke R+r (11-15) 


This expression shows that if C, R, and r are positive quantities, 
the amplitude of the current decreases with time and eventually becomes 
inappreciable. If 2 C[Rr/(R + r)] is large compared with To, the period 
of one cycle, the decay in current amplitude is slow. This condition is 
expressed by 


2C 


Rr 


R + r 


2o?nC 


Rr 


Rr 


R+r R+r 2 Q 


«o(l//o) 


O Veq 


2lT(j)oL 


2 7T 


(11-16) 


In the study of tank circuits for class C amplifiers it is shown that Qo/2t 
is the ratio of total energy stored in the tank to that dissipated during one 

cycle. This means that Q 0eff should 
be large (the tank should exhibit a 
large flywheel effect) if good sinus- 
oidal waveform of tank current is 
desired. Nevertheless, the oscillatory 
current in the tank dies out unless 
something is done to restore the 
lost energy. This requires that the 
impulse should be repeated with the 
correct magnitude and timing to offset 
the loss in energy. 

There are two common ways in which this property of the L-C tank can 
be exploited to produce a good-quality sinusoidal output. The first is by 
the use of a regenerative feedback amplifier. The second is by the use of 
a negative-resistance device. We shall take up these methods in that 
order. 

11-3. Regenerative Feedback Oscillators. Let us consider the 
equivalent circuit shown in Fig. 11-2 as one plan for accomplishing the 
purpose of supplying the tank with properly timed impulses of energy. 
This should be recognizable as a linear vacuum-tube amplifier in Norton’s 
equivalent form and employing feedback. The current i is g m e Q — g m fte 0 , 
where ft = e g /e 0 . ft is a positive or negative real number. 

The differential equation to be solved for is adapted from (11-4), 



Fig. 11-2. The equivalent circuit for a 
regenerative-feedback oscillator. 
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or 

LC w +L (v p + i + g ^) d ^ + ii = 0 (11 ' 18) 

which is the same as Eq. (11-5) if we substitute 

7 = £ + *4 (H-19) 

The complementary function is now the general or complete solution, 
since the right member of (11-18) is already zero. The solution for the 
equation is of the form of Eq. (11-13). Since /? can be made either nega- 
tive or positive, it is possible to make n increase exponentially with 
time. This result occurs if Er/(E + r) [in Eq. (11-13)] becomes negative. 
Then Rr/(R + r) < 0 or (E + r)/Rr < 0. From this (1/r) + (1/E) 
< 0 or (1/r,) + g m fi + (1/E) < 0, and hence $ < — 1 /g m [Rr p /(R + r p )]. 
Thus is negative and \fi\ > 1 /g m [Rr P /(R + r p )], or 

Id > pq (n-20) 

Thus, if the circuit connections are made to reverse the phase between 
output and grid voltages to give positive feedback, and if the magnitude 
of /? exceeds the reciprocal of the magnitude of the gain of the amplifier at 
the resonant frequency, the amplitude of u will grow with time. There is 
nothing about the linear equivalent circuit to indicate that it will ever 
stop growing, but we know that it must eventually. We shall discuss 
reasons for this later. 

Suppose the cathode of the vacuum tube to be heated and then the 
bias voltages applied. Either the sudden application of these voltages 
or any noise voltage in the tube or the circuit will supply an impulse to 
the plate tank. A small oscillatory current flows in the tank, and an out- 
put voltage appears across the tank inductor. A certain part of this volt- 
age, with phase reversed, is applied to the grid. If the amount of voltage 
feedback and the amplification of the tube are sufficient to satisfy the 
relation (11-20), the energy in the tank is increased and the tank current 
increases in magnitude. Eventually, of course, the operation of the tube 
becomes nonlinear and the equivalent circuit becomes unreliable for 
studying its action. The current of sinusoidal waveform in the tank 
continues nevertheless, although harmonic currents, caused by harmonic 
components of i, may also flow. These, of course, may be considered, if 
desired, in the particular-integral part of the solution in this case. If the 
tank has a very low parallel impedance to harmonics of the resonant fre- 
quency, these harmonic tank currents are very small. As the tube and 
tank currents grow in magnitude, the average values of the tube param- 
eters (A, r P y and g m change and finally we have equality between the 
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members of (11-20). If (5 = E e /E 0 , for steady-state operation it follows 
that 

5 = J (11-21) 

At this point the circuit produces oscillations of constant amplitude, and 
under favorable conditions the tank current is very nearly sinusoidal. 
The relation (11-21) for constant-amplitude oscillations is known as 
Barkhausen’s criterion. It proves to be a very useful relation for study- 
ing feedback oscillators. 

Actually we can see that positive feedback really produces the effect of 
making r in the circuit of Fig. 11-1 negative. In this sense, feedback 
oscillators are a form of so-called negative-resistance oscillators. 



Fig. 11-3. A tuned-plate oscillator. Fig. 11-4. A tuned-grid oscillator. 



Fig. 11-5. A Hartley oscillator. Fig. 11-6. A Colpitts oscillator. 

11-4. Practical Feedback Oscillators. Numerous circuits have been 
devised which perform in the manner just described. Several of these 
are shown here. 

In the tuned-plate oscillator of Fig. 11-3 the frequency-determining 
tank is in the plate circuit. The two dots on the coils show how the phase 
reversal to give positive feedback is accomplished. Ci has a low imped- 
ance to harmonics of / 0 , and hence the tank current has good sinusoidal 
waveform. 

In the tuned-grid oscillator circuit of Fig. 11-4, the frequency of oscil- 
lation depends upon more than L 2 and C 2 , since current flows in L\ as 
well as in L 2 . Li may have considerable impedance to the harmonics, 
and the waveform of the output voltage (across L 2 ) tends to be slightly 
inferior to that of the tuned-plate oscillator. The same effect occurs in 
the Hartley oscillator of Fig. 11-5, while the Colpitts of Fig. 11-6 again 
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produces an excellent quality of waveform. However, the Hartley cir- 
cuit is easy to adjust for satisfactory operation and is a very widely used 
device, while the two capacitors of the Colpitts circuit need simultaneous 
adjustment if the frequency of operation is to be changed very greatly. 

Figure 11-7 shows an oscillator which uses two tuned circuits, one in 
the grid circuit and another in the plate circuit. The feedback in this 
case is through the grid-plate capacitance, and the frequency of oscillation 
must be slightly below that of resonance so that the plate load is induc- 
tive, making G g (see Art. 7-5) negative. 

Energy is then supplied to the grid tank 
by the plate circuit, and a sinusoidal grid 
voltage results. 

The grid tank of Fig. 11-7 may be 
replaced by a crystal (Fig. 11-8), the 
principle of operation remaining the 
same as before. The crystal has an 
equivalent circuit as shown in Fig. 11-9, 
where Ch is the capacitance of the 
crystal holder and R, L , and C are electrical equivalents of the mechanical 
crystal vibrational system. The crystal used is cut from a block of quartz 
to the form of a thin wafer, the planes of the cuts determining the vibra- 
tional frequency-temperature property. Quartz, like some other crys- 
talline substances, possesses the piezoelectric property whereby compres- 
sion along one axis produces a voltage between two opposite faces. The 
action is reversible so that application of a voltage between faces causes 
compression or expansion. The value of the equivalent Qo for the crystal 



Fig. 11-7. A tuned-plate tuned- 
grid oscillator. 



Fig. 11-8. A crystal oscillator. 



Fig. 11-9. The equivalent circuit for a 
crystal. 


is very much higher than that for any actual coil, and with proper tem- 
perature control the frequency of oscillation can be held to a nearly con- 
stant value. 

Note that some of these oscillator circuits use shunt plate feed, while 
others may employ series feed. In general shunt feed is preferable for 
any of the circuits as the total voltage across capacitors is less and the 
danger of d-c power arcs is lessened. This, of course, applies more to 
.transmitting and high-power equipment, and for low-voltage apparatus 
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it is often satisfactory to use series feed. The Colpitts circuit is one in 
which series feed cannot be employed. 

11-6. The Analysis of a Tuned-plate Oscillator. Figure 11-3 makes 
it rather obvious that a tuned-plate oscillator is an amplifier with positive 
feedback from the output to the grid. It is entirely proper to write dif- 
ferential equations involving instantaneous voltages and currents in this 
circuit, as was done in Art. 11-3, and determine thereby the conditions 
for which oscillations occur. But it is considerably easier to assume that 
there will be oscillations of sinusoidal waveform and that these will be of 
constant amplitude if A(i = 1, as expressed by Eq. (11-21) and also in 

Art. 10-4, where feedback amplifiers 
were being discussed. Another way 
of stating this Barkhausen criterion 
is to say that at any point in the cir- 
cuit the loop gain must be unity. In 
the present case we shall use the 
Barkhausen method. 

Assume that the grid current is 
zero and that the operation is linear. 
Figure 11-10 shows an equivalent circuit in Thdvenin’s form. Since 

I. - 0, 



k 


Fig. 11-10. Equivalent circuit for a 
tuned-plate oscillator. 


E g - jcoMl t 

„ _ (Ri + iwLi)(l//wCi) 

L Ri + j[uU - (1 /aA)] 


(11-22) 

(11-23) 


The loop gain is unity if E g reproduces itself. 

p (Ri + jwL i) (l/i«Ci) 

_ ^°R 1 +j[uL 1 - (1/oA)] 1 

(Ri + j<aLi)(l/jo>Ci) Ri + jo)Li Wm 
Tp ^ Ri + j[«Li - (1/o.Ci)] 

or 

Rir P + jr P (c oLi - + (Ri + jcoL,) ^ 

Since real numbers cannot equal imaginary numbers, 


and 




R\r p + = 

From Eq. (11-26) it follows that 


nM 
C i 




(11-24) 


(11-25) 


(11-26) 

(11-27) 


01 


(11-28) 
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or 


where 


f = fo 



fo = 


1 

2 wVLiCl 


(11-29) 

(11-30) 


is the resonant frequency of the plate tank. Thus it is seen that the fre- 
quency of oscillation is near the resonant frequency if 7£i is much smaller 
than the plate resistance of the tube; this is the usual case. 

Equation (11-27) may be changed to the form 


L x .RxCx 

9m Mr p M 


(11-31) 


By a little manipulation a graphical meaning to the expression g m — 
( Li/Mr p ) can be obtained. Thus 


A 

Mr , 


rpE g 


mE „ - j^jcoMIi 

rJLa 


M E(7 — joiLili 

r P E g 

= ^ = h. (H-32) 


Ip/Eg is the approximate slope of the secant line connecting the end points 
of the path of operation on i h) e c axes, and by Eq. (11-31) this equals 
RiCi/M. Thus, for the case of a 
tuned-plate oscillator having a fixed 
operating point, oscillations will begin 
if the slope of the tangent line at 
Q exceeds RiCi/M (see Fig. 11-11). 

The amplitude of oscillation will 
then increase until the slope of the 
secant line equals RiCi/M. This 
automatic amplitude limitation is 
caused by saturation effects, and it is 
readily seen that if good plate-current 
waveform is desired, the control- 
lable circuit parameter (say M) 
should be adjusted to make the members of Eq. (11-31) almost equal. 
The steady-state oscillations will then be of small amplitude. 

Figure 11-12 shows vector diagrams for a tuned-plate oscillator, (a) 
makes it clear that the frequency of oscillation cannot be the antiresonant 
frequency of the plate tank, since E g does not reproduce itself in phase, 
(i b ) shows vector relations at the true oscillating frequency, which is some- 



Fig. 11-11. Limitation of amplitude of 
oscillation by change in tube param- 
eters. 
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what higher than the antiresonant frequency and where the tank is 
slightly capacitive. The exact positions for l p and the dependent vectors 
depend upon r v of the tube, and thus, if the tube operating voltages are 
allowed to vary, the frequency of oscillation changes to make adjustments 
in the vector positions. Some measure of stability can be attained by 
making r v high compared with the resistance Ri. It is also beneficial 
to insert a capacitor in the plate lead as this makes I p lead fiE g without the 

necessity of the plate tank acting 
capacitively. 

11-6. Power Oscillators and Volt- 
age Oscillators. Feedback oscilla- 
tors, like amplifiers, may be designed 
to give considerable power output 
directly to a load or to furnish only 
an alternating voltage. Power oscil- 
lators are usually operated class C 2 
in order to obtain high plate-circuit 
efficiency and depend upon the filter- 
ing action of the tank to lower the 
harmonic content of the output. The 
design of these oscillators is essen- 
tially the same as that of amplifiers 
of the same class, the graphical 
approach being the most success- 
ful. Using constant-current charac- 
teristics for the tube, a Q point ( E bo ,E co ) and a P point (e 6min ,e Ctna J are 
tentatively chosen and the straight-line path of operation drawn through 
them. Values obtained at selected points on the path of operation 
enable one to calculate ha , ha , E Plt I Ql , and other quantities desired. 
Determination of Pac and tj p and a check of P p against the allowable value 
complete the test of the tentative design. This can be altered, if desired, 
in an attempt to achieve better results. Once this design is decided upon, 
a feedback circuit is developed to produce the desired grid voltage from 
the computed output voltage. The required load is E v JI Pl , and 
R = Qqo)qL (for the tuned-plate case) must have this value. 

The grid-bias resistor is usually a grid leak, and its value can be com- 
puted from the value of J ca . The value of C g should be great enough so 
that the bias will not decrease appreciably during the period of no grid- 
current flow. A value of R g C g equal to 3 T, where T is the period of the 
oscillatory voltage, gives a generally satisfactory value for C a . A greatly 
too high value for R g C g should be avoided since intermittent oscillations 
may result. Normally, if the voltage output of the oscillator decreases, 
the grid bias quickly decreases, which causes the output to increase. If 



Fig. 11-12. Vector diagrams for a 
tuned-plate oscillator, (a) At the anti- 
resonant frequency. ( b ) At the fre- 
quency of oscillation. 
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R g C,j is too high, the bias does not decrease quickly enough and the voltage 
output continues to decrease to zero. After C g discharges through R gy 
oscillations again begin and the action repeats. 

For constancy of both frequency and amplitude of oscillations, the 
tube parameters must be maintained constant, and thus plate and screen 
bias voltages should not be allowed to vary. Also, connecting the load 
directly to the oscillator output has the disadvantage of causing the fre- 
quency of oscillation to change with changes in load impedance. It is 
obvious that any varying reactance in the load causes a frequency change. 
So too does a varying load resistance affect the frequency, as shown by 
Eq. (11-9), and also since the effect of the tube capacitances depends upon 
the load to some extent (Art. 7-5). Hence, if extreme frequency stability 
is desirable, as in radio transmitters, it is essential to isolate the load from 
the oscillator. This is usually ac- 
complished by using a class A or a 
class C oscillator to drive a class 1 
power amplifier, which in turn sup- 
plies the load, directly or by driving 
a more powerful class C 2 amplifier. 

There being no grid current for the 
class 1 stage, the latter acts as a 
buffer to prevent the undesirable 
reaction of a load on the oscillator. 

The same result is also achieved by a so-called electron-coupled oscil- 
lator, one circuit for which is shown in Fig. 11-13. The cathode, No. 1 
grid, and No. 2 grid are associated with a Hartley oscillator, the No. 2 
grid (the oscillator anode) being grounded for alternating voltages. Elec- 
trons which pass through the mesh of the No. 2 grid advance in a stream 
of varying density toward the suppressor grid just as though the cathode 
temperature fluctuated at a rate corresponding to the frequency of oscil- 
lation. To the suppressor grid and the plate, the oscillator portion 
appears to be a virtual cathode. The plate current and the screen current 
have the same waveshape and frequency. Any change in load in the 
plate circuit has little effect on the operation of the oscillator because of 
the shielding effect of the suppressor and the No. 2 grids. 

Although fixed bias can be used for class A operation, it is unsuitable 
for class C since the oscillator will not be self-starting. In any case the 
use of a grid leak and capacitor is recommended. A reason is that addi- 
tional amplitude control is obtained over that resulting from the satura- 
tion effect of Art. 11-5. Figure 11-14 shows the operation of a tuned- 
plate class C oscillator using grid-leak bias. Before oscillations start, a 
small amount of grid current flows through the grid leak to make the grid 
just slightly negative. At this Q point if Barkhausen’s condition for 



A 


Load 


Fig. 11-13. An electron-coupled oscil- 
lator. 
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Fig. 11-14. Amplitude control in 
class C oscillator with grid-leak bias. 


increasing oscillation is satisfied, the alternating grid voltage rapidly 
increases in amplitude, ultimately reaching a value limited by a combined 
effect of change of tube parameters and the movement of the operating 
point to a more negative value because of greater average grid current. 

11-7. Negative-resistance Oscillators. It will be recalled that the 
peak amplitude of the inductor current u [expressed by Eq. (11-15)] can 
be made to increase if r in 2 C[Rr/(R + r)] can be made negative. We 

have found that this can be accom- 
plished by feeding back voltage from 
the output of the tank to the grid of 
a vacuum tube, which in turn feeds 
power into the tank. Thus in effect 
the tank is connected to a four- 
terminal network which acts in the 
required manner. 

It is possible to find two-terminal 
devices which also display a negative- 
resistance property. Briefly this 
means that the instantaneous alter- 
nating current flowing through the device is in a direction contrary to that 
of the voltage drop across it more than half the time, or that this device 
serves as a generator (see Art. 6-10). Figure 11-15 gives an equivalent cir- 
cuit for an oscillator employing such a device. If the amount of the neg- 
ative resistance changes with the amplitude of the voltage applied to the 
device, it is possible to have automatic voltage amplitude control similar 
to that of Art. 11-5. The equilibrium condition is reached when the 
average value of \r\ reaches the value 
R. Then R( — R)/{ — R + R) ~ °°, 
and u in Eq. (11-13) has constant 
peak amplitude. 

One practical circuit of this type is 
the dynatron oscillator diagramed 
in Fig. 11-16. Figure 11-17 shows the 
property of negative plate resistance 
possessed by a tetrode in a partial 
region where e b < e C 2 (see Art. 4-10). With Q placed in the negative- 
plate-resistance region, note that the waveforms of e p and i v are 180° out 
of phase; this would not be the case if the static operating point had been 
chosen at point Q', for instance. 

With R > \r p \ and with load line A as shown in the figure, the ampli- 
tude of oscillations increases until the average value of \r p \ equals R. By 
careful adjustment of the tube biases, the value of \r p \ at Q can be made 
very near to the value of R ; the oscillations are then of small amplitude 


Negat ive 

resistance 

device 


R 


Fig. 11-15. Equivalent circuit for a 
negative-resistance oscillator. 
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and of excellent sinusoidal waveform. For higher load impedances, as 
represented by line B , it can be shown that oscillations are still possible; 
however, since they have a nonsinusoidal waveform, this is usually not a 
desirable operating condition. 

The dynatron oscillator is not too often used in practice, as tube aging 
changes the characteristics seriously and causes inconstancy of operation. 
Other circuits not having this drawback are possible, among them one 
utilizing the screen-plate trans- 
conductance di h /de c 2 of a pentode, 
which is negative under some 
circumstances. 

11-8. L-F Oscillators. Tuned- 
load oscillators are best adapted to 
moderately high-frequency use where 
the size of the inductor needed is not 
excessive. For low frequencies it is possible to use two h-f oscillators 
operating at somewhat different frequencies and feeding into a nonlinear 
amplifier, thus producing sum and difference frequency as well as har- 
monic components. A filter is used to eliminate all components except 
the difference one, which has a low frequency. This device is called a 
beat-frequency oscillator. A block diagram for one is shown in Fig. 



Fig. 11-17. The tetrode can be a negative-resistance device. 

11-18. Another successful device is one which employs a phase-shift net- 
work to produce positive feedback. And still another uses a Wien-bridge 
arrangement. Both these latter devices are useful over the ordinary 
operating range of R-C - coupled amplifiers. 

11-9. Phase-shift Oscillators. Figure 11-19 shows a prototype R-C 
phase-shift oscillator. Each C and R combination shifts the angle of the 
voltage somewhat less than 90° so that a minimum of three shift sections 



Fig. 11-16. The dynatron oscillator. 
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is required to furnish a total shift, including that of the tube, equal to 
360°. 

If we assume linear operation, we may use Norton’s equivalent form 
shown in Fig. 11-20. R i represents the parallel combination of R b and r pt 
In order to lessen the shunting effect of each section on the resistor before 



Fig. 11-18. Block diagram for a beat-frequency oscillator. 


it, we shall increase the impedances progressively by a factor n as shown. 
Note that the capacitors are progressively decreased in size. The phase 
shifts of all sections are therefore approximately the same. 

By assuming E e = l/0° volt, one can compute the voltages and currents 
back through the network and set the input current equal to 



Fig. 11-19. A phase-shift oscillator. 


c c 



Fig. 11-20. Norton’s equivalent of the 
phase-shift oscillator. 


This procedure yields a relationship from which the frequency of oscilla- 
tion is determined as 


1 

V3 n 2 + 4n + 3 R^C 


(11-33) 


and for oscillations to start, the required value of g m for the tube is 


Qm 


8 n 3 + 20w 2 + 20n + 8 
n' s R i 


(11-34) 


The higher the value of n, the lower the value of g m needed. However, 
there is little advantage in increasing n beyond 3 or 4 because there is some 
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chance that the resistor in the shift section next to the grid may become 
excessively large, for this is the grid leak for the tube. 

This analysis for the case of three shift sections supposes linear opera- 
tion but serves as an approximate explanation of the oscillator perform- 
ance. As oscillations begin, g m is higher than the value given by (11-34) ; 
as the oscillations increase in amplitude, the average value of g m decreases 
because of nonlinearity of the characteristics. With nonlinearity come 
harmonics in the plate current, but since the harmonics have a total phase 
shift of less than 360°, they are not built up. 

11-10. Wien-bridge Oscillators, 
circuit for an oscillator of this type, 
amplifier and a bridge type of cir- 
cuit to give approximately constant 
negative feedback and also positive 
feedback, which is sensitive to 
frequency changes. The R-C cir- 
cuit elements Z 3 and Z 4 play an 
important part in the positive- 
feedback action. If the R’s are 
equal and the C’s are equal, it may 
be easily verified that the ratio 
Z 4 /(Z 3 + Z 4 ) = j^/0 0 at the fre- 
quency for which co = l/RC, while for other frequencies the ratio is less 
and has a positive or a negative angle. 

We have seen in the analyses of other oscillators that sometimes the 
transient method is employed, involving the solution of differential equa- 
tions, and sometimes a steady-state analysis is used, involving complex- 
number algebra — a considerably simpler process. The first method does 
not assume that the circuit will oscillate or that any oscillations will be 
sinusoidal. The second method assumes that for certain conditions there 
will be sinusoidal oscillations. In this case we shall employ the second 
method. 

In order to oscillate, the circuit must have a loop gain of unity. Thus 
if we start with the output voltage E 0 , the gain of the loop must reproduce 
E 0 . Hence 


Figure 11-21 shows a simplified 
It employs an ordinary two-stage 


i 



Fig. 11-21. Schematic diagram of a 
Wien-bridge oscillator. 


R/juC 


R + l/juC 


R + — H R/faC . 

^ juC ^ R + 1 /jwC 


E„ - 


R, 


R i -f- R 2 


A = E 0 (11-35) 


where A will be taken to be 4/360°. Equation (11-35) then reduces to 


(Ri + Ri + ARtWR^C* - i(3fti + 3 Rz - AR i + 2AR 2 )o>RC 

- (E, + Ri + ARz) = 0 (11-36) 
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Since the terms with the j coefficient must equal zero, it follows that 
SRx -f- 3i? 2 — ARi + 2AR^ = 0 
2A + 3 


or 


R 1 = 


R< 


A - 3 

The real part of Eq. (11-36) must also equal zero, and hence 
(Bi + #2 + AR2)(o 2 R*C 2 - 1) = 0 
from which we can obtain 

" = RC 


(11-37) 

(11-38) 


(11-39) 

(11-40) 


which gives the frequency of the oscillation. 

Thus the output voltage is sinusoidal and of constant magnitude if Eq. 
(11-38) holds. Let us examine the negative-feedback amplifier circuit to 
the right of x in Fig. 11-21. The value of (5 is approximately —R 2 / 
(Ri + # 2 ), and we may solve for the gain with feedback as 


A' = 


1 — (?A 1 + [R 2 / (R 1 + ^2)]A 

which, upon application of the relation of (11-38), becomes 


A' = 


= 3/360° 


(11-41) 


(11-42) 


1 + 


[(2A + 3)/ (A - 3)] + 1 

for any value of A. 

The gain of the whole circuit, including the positive-feedback loop for 
which (5 = Z 4 /(Z 3 + Z 4 ), is 


A" = 


A' 


1 - SA' 1 ~ [Z 4 /(Z 3 + Z 4 )]3 
At the frequency o> = 1 /RC this reduces to 

3 


A" = 


1-^X3 


(11-43) 


(11-44) 


and the circuit develops an output E 0 with no input. At any 
other frequency, 5 for the positive-feedback circuit fails to meet these 
requirements. 

Actually, if A does not have a phase shift of exactly 360°, the frequency 
of oscillation changes sufficiently to give positive-feedback 5 an angular 
value to compensate. 
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If the value of A is very high, the relation of (11-38) makes B\ some- 
what more than twice R 2 . It is usual to use an incandescent lamp for 
R 2 * and to adjust R 1 to a value which just permits oscillations to occur. 
The lamp acts as a stabilizer of oscillation amplitude since any increase 
in E om results in a rise in lamp resistance, causing greater negative feed- 
back and a reduction in E om . Thus stabilization by saturation is not 
needed, and operation can be made linear class A, with the result that 
excellent waveform of output is obtained. 

11-11. The Multivibrator. 1 ’ 3 5 A two-stage R-C - coupled amplifier 
with the output connected directly to the input (Fig. 11-22) will serve as 
a generator of oscillations. This is rather to be expected because the 
phase shift for proper positive feedback is provided and the capacitors 
serve to store energy. However, 
the character of the voltage wave- 
forms differs from that found with 
previously studied circuits. 

The multivibrator works on the 
principle that the circuit has two 
stable modes of operation, viz., the 
No. 1 tube conducts, and the No. 2 
tube does not, or vice versa. To 
show that this is the case, let us sup- 
pose that initially both tubes are conducting but that a noise voltage in the 
circuit causes a momentary small increase in the grid voltage of tube 2. 
Plate 2 voltage drops slightly, and with it grid 1 voltage falls, causing plate 1 
voltage to rise. This causes grid 2 voltage to rise, further accentuating the 
original disturbance. The action is cumulative, and in a moment tube 2 
is in full conduction, and tube 1 is cut off. Following this, if by some 
means grid 1 voltage can be made to rise above the cutoff value, tube 1 
will conduct, while the other tube becomes nonconducting. If this action 
can be made automatic, an oscillator results. This is where the capac- 
itors for energy storage come in. Although a coupling capacitor acts as 
a short circuit to a sharp rise in voltage, and this is because there is insuffi- 
cient time allowed for the capacitor to gain a charge, after a brief interval 
the capacitor does charge and the shift in voltages necessary for switch- 
over occurs. The rate of switching recurrence depends mostly upon the 
sizes of C and R g used. 

To make a more thorough study of this interesting circuit, we shall 
analyze the action of a specific case. It is often convenient to draw the 
multivibrator circuit in the manner shown in Fig. 11-23. The tube is a 

* Actually, R 2 consists of the plate resistance and the plate load for the first tube 
as seen from the tube’s cathode, that is, ( r p + Rl)/( 1 + aO, in parallel with the 
incandescent lamp. 
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type 6SN7 double triode. Its plate and grid characteristics are shown in 
Fig. 11-24. Assumed component values are shown in the circuit drawing. 

Let us suppose that the time h approaches at which tube 2 goes into 

C i is fully charged so that grid poten- 
tial e lc — 0. The current flowing 
through R lb and R 2g to discharge C 2 
is small compared with i xb) since R 2g 
is very large. Hence we may draw a 
40,000-ohm load line on the plate 
characteristics and find that e ib ~ 65 
volts and i ib « 5.9 ma. The poten- 
tial e 2c of g 2 is rising toward the cutoff 
value of —18 volts as capacitor C 2 
discharges. 

Time ti arrives. Figure 11-25 applies to events which immediately fol- 
low. The capacitor C 2 voltage is 65 + 18 = 83 volts, with polarity as 
indicated. Tube 2 passes current, and tube 1 cuts off instantaneously. 
With the switch-over, e 2c suddenly becomes positive (as will be shown 
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later) so that the grid-cathode resistance R 2c shunts R 2g . We shall esti- 
mate (subject to later verification) the value of R 2c to be about 1000 ohms. 
Thus the current through R ib is reduced immediately from 5.9 ma to 
(300 — 83)/41 ? 000 = 5.3 ma. This makes the initial value of ez c ~ 



100 200 300 400 e b (volts) 

Fig. 11-24. Characteristics of a 6SN7 (one section). 


full conduction and tube 1 cuts off. 



Fig. 11-23. An alternate representation 
for the multivibrator. 
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0.0053 X 1000 = +5.3 volts. For this value of grid voltage the plate 
voltage e 2b is reduced almost to zero, and i 2c ~ 6 ma. Thus R 2c is some- 
what less than the 1000 ohms assumed, but close enough to suit our 
purpose. 

At time t x when e 2c jumped from —18 to +5.3 volts, the plate voltage 
e xb increased 23.3 volts also, taking a new value of about 65 + 23 = 88 
volts. 

Immediately following time t x the 
grid voltage e 2c begins to fall, the 
time constant (Fig. 11-25) being 
approximately R Xb C 2 = 800 jusec. 

Soon e 2c has a value of zero. Using 
the same time constant, the plate 
voltage e Xb rises from 88 volts to 300 
volts as C 2 charges. 

Figure 11-26 shows the circuit which 
controls the events leading to the 
reestablishment of plate current in tube 1 at time t 2 . For some time 
before t 2 the value of e 2c is practically zero so that we may determine the 
value of R 2p from Fig. 11-24 as approximately 11,000 ohms. The current 
to Ci being small compared with i 2b , e 2b remains constant at 65 volts, the 
value to which it rose (with a time constant of only 800 /xsec) after falling 
from +300 to almost zero after tube 2 began to conduct. Although this 

sudden drop of 300 volts carried e lc down the 
same amount, the value of the latter rose to 
— 235 volts shortly after time t x (using the 
same short time constant) . Since that time 
Ci has been discharging with a time constant 
of approximately R Xg C x = 0.01 sec (see Fig. 
11-26), which is relatively long. As Ci dis- 
charges, e lc rises from its initial value E lc0 
Fig. 11-26. Circuit applying following the equation 
to events just before tube 1 

conducts. e Xc = E X coe~ t/Rl{lCl ~ — 235€~ 100 * volts 

The rate of rise is de Xc /dt = —100 X — 235e“ 100£ = — 100ci c volts 
per sec. When e Xc reaches a value of —18 volts, tube 1 begins to 
conduct, while tube 2 is already conducting. Thereupon the rate of 
change of e Xc becomes dependent both upon the rate of capacitor Ci 
discharge and upon the amplification of the two-tube-circuit loop. 
Hence de Xc /dt = — 100ei c + ( — g Xm Ri S h) OimRish) (de Xc /dt) , or de lc /dt = 
— 100ei c /[l — (g Xm g 2m R Xs hR 2 S h)]. When the conduction in tube 1 is suffi- 
cient so that g Xm makes the loop gain gimgimRuhRish equal to unity (and 
that is almost immediately), de Xc /dt becomes infinite and conduction 




Fig. 11-25. Circuit applying to events 
soon after tube 1 cuts off. 
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snaps from tube 2 to tube 1. This explains the instantaneous changes 
in e c and e b which take place. 

A similar study can be made to determine the changes in and e 2c . 
Figure 11-27 shows waveforms of plate and grid voltages for both tubes. 
The time between t\ and t 2 can be computed by substituting —18 volts 
into the equation for e le . Thus — 18 = — 235e _100(ts ~* l) , and t 2 — h = 

Hoo In 23 %s = 0.0257 sec. With 
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this symmetrical circuit, t% occurs 

0. 0257. sec after t 2 . It should be 
noted that the oscillator period 
can be adjusted by varying the 
values of R g and C . 

Multivibrators are important 
for many reasons. The plate 
voltage of either tube is essentially 
a square wave, which may be 
useful as such, or because of the 
many harmonics which it contains. 
It is possible to feed an external 
voltage into the circuit and have 
the multivibrator operation syn- 
chronize either at the frequency of 
the external voltage or at a sub- 
harmonic of it. This principle is 
used in some types of electronic 
switches. 
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PROBLEMS 

1. In Fig. 11-5 assume the effects of c„ the r-f choke, and the coil resistances are 
negligible. Assume linear class 1 operation, and apply the Barkhausen criterion for 
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Fig. 11-27. Waveforms of plate and grid 
voltages for a symmetrical multivibrator. 


5. 



OSCILLATORS 


343 


steady oscillations. Determine the frequency of oscillation and the relation among 
the circuit parameters to make oscillation possible. 

2. Repeat the procedure of Prob. 1, using the Colpitts circuit of Fig. 11-6. 

3 . Assume the crystal in Fig. 11-8 has L — 35 henrys, C = 0.02 w f, and R = 3500 
ohms. The capacitance of the holder is 5 /u/xf, and the input capacitance of the tube 
is 3 /x/xf. What is the resonant frequency of the grid circuit? If the input capacitance 
of the tube changes to 5 wi because of a change in the plate load, what change in 
resonant frequency occurs? Determine the Q 0 of the crystal. Note: In determining 
the resonant frequency use the loop of Fig. 11-9, including C g . 

4 . Figure 11-28 (redrawn from Fig. 11-5) shows the circuit for a Hartley power 
oscillator used to supply power to an r-f induction heater. It can be looked upon as a 
class C amplifier with a plate load of Li and R in parallel with the portion of C neces- 
sary to tune it to resonance. The tube is an Eimac type 100TH. / 0 = 300 kc. 
(a) Assume Ebb — 3000 volts and the desired load power to be 360 watts. The tank 



Fig. 11-28. A Hartley oscillator. 


and coupling-circuit efficiency is 95 per cent, and the power amplification is approxi- 
mately 25. Estimate values of Pin, P ac , P P , Pbb 7 y P (see Art. 9-5). ( b ) Use constant- 

current curves for the tube and determine E CC} I ha , I ca , / Pl m, and I Qim . (c) Compute 
the values of P ac , P P , y P , E gm , E pm , P in , R f(j . ( d ) Assume C p and the r-f choke have 
negligible effect on the a-c performance. Assume Ql = 12, and compute the value 
of cooLi. (e) Li and L 2 constitute a voltage divider. Determine woL 2 . (/) Determine 
Xc and C. ( g ) Determine R 0l and estimate C g by the rule on p. 332. 

6 . A phase-shift oscillator of the type shown in Fig. 11-19 uses a 6SJ7 tube and 
three s h ift, sections with n = 1. If C = 100(5 fxy.i and Rb — 100,000 ohms, determine 
the frequency of oscillation and the minimum required value of g m . If Ebo = 250 
volts and E c2 = 100 volts, consult a tube manual to determine the value of E c io 
required to allow oscillations to begin. 

6. The Wien-bridge oscillator of Fig. 11-21 has resistors and capacitors of the fol- 
lowing sizes: Ri = 1100 ohms, R 2 =* 600 ohms, R = 10,000 ohms, C = 0.01 ;xf- 
What must be the value of A in order to have sustained oscillations? What is the 
frequency of oscillation? 

7 . A plate-coupled multivibrator uses the circuit of Fig. 11-23. The tube is a 
type 6SN7. Ri g = R 2g = 0.5 megohm, R ih = Rib = 0.05 megohm, Ci = C 2 = 0.01 
juf, Ebb = 200 volts. Analyze the operation of the circuit, sketch the waveforms of 
eic, e 2e , Ci b , and e 2 &, and determine the period of oscillation. 
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12-1. The Meaning of Modulation. The process by which some qual- 
ity or qualities of one waveform (the carrier) are caused to vary according 
to the instantaneous amplitude of another waveform (the signal) is called 
modulation. 

In telephony the signal is a sound-pressure wave which causes the 
carbon-grain microphone to change the waveform of a d-c carrier. Thus 
is formed an alternating current superimposed on a direct current. A 
transformer suppresses the direct current, and only the alternating com- 
ponent is transmitted to the distant receiver. 

Carrier telephony makes it possible to transmit many conversations 
simultaneously over a single pair of wires. In addition to the original 
frequency band of 300 to 3000 cps, the process of modulation allows a 
second conversation to use a 4000 to 7000-cps band, a third conversation 
to occupy an 8000- to 11,000-cps band, and so on. Filters at the receiver 
end separate the outputs of the various channels, and the frequencies are 
then lowered to their original values by a process called demodulation, or 
detection. 

Radio transmission must be carried on at high frequencies for several 
reasons. First is the impossibility of obtaining satisfactory radiation 
from an antenna with low frequencies. Second is the desirability of a 
great many frequency levels to allow simultaneous transmission of many 
programs without interference, as in the case of carrier telephony. Third, 
since filters are used to separate the desired from the undesired signals, 
smaller circuit components are needed at high frequencies than at low. 
Furthermore, the filtering action is more satisfactory at high frequencies 
than at audio frequencies. Thus it becomes necessary to use an h-f car- 
rier and to modulate it with the a-f signal. 

In most of the subsequent discussions in this chapter the carrier will be 
considered to be sinusoidal and of a frequency much higher than that of 
the modulating signal. Although the signal, or modulating waveform, 
varies widely in practice and is ordinarily nonrecurrent, generally satis- 
factory conclusions can be reached in a development by considering the 
modulating signal to be sinusoidal, as though it were a component of a 
cyclic waveform, and to have a frequency much lower than that of the 
carrier. 
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12-2. Types of Modulation. Let us consider an h-f alternating voltage, 

e k = E km cos 0 = E km cos a> k t (12-1) 

to be known as the carrier, and an 1-f alternating voltage, 

e s = E sm cos 03 s t (12-2) 

which will be referred to as the signal. 

If Ekm can be changed proportionally to e 8 with no appreciable change 
in 03 k occurring in the process, the carrier is said to have been amplitude- 
modulated. Thus we shall make A E km = K a E sm cos 03 s t (where K a is a 
proportionality factor) and substitute for E km in (12-1) the expression 
E km + K a E sm cos o 3 s t to obtain the equation of the modulated voltage 

€> — — (JE k m I K-aE Em COS 03$tJ) COS 03 k t (12—3) 

or 

e = E km ( 1 + m a cos 03 s t) cos 03 k i (12-4) 

where m a , called the degree of modulation, or the modulation factor, is a 
more convenient symbol than its equal, K a E sm /E km . It should be noted 
that the value of m a increases if the amplitude of the signal is made 
greater. 

A second way in which the modulation of the carrier by the signal can 
be effected is to change the angle 0 by varying the value of w, while keep- 
ing the value of E km constant. This process is known as angle modula- 
tion; it has two forms which differ in the manner in which 03 is varied. 

Now 0 for angular motion is like s for translation. If v represents a 
constant velocity, then s = vt + s 0 ; but if v is variable, then v = ds/dt 

and s = j Q v dL Similarly, if 03 is constant, 0 = cot + 0, where the value 
of 6 is arbitrary and may be made zero if desired, while if 03 is variable, 
03 — d 4 >/dt and 0 = J Q 03 dt. 

Let us consider first that the change in 03 is proportional to the instanta- 
neous value of e B ; thus Aw = K f E sm cos 03 s t y where K f is a proportionality 
factor and KjE sm is the maximum frequency deviation, and 

rt K E 

0 = / (o 3 k + KfEsm COS 03 a t) dt = 03 k t -\ sin 03 a t 

Jo 

= oj k t + rrif sin 03 s t (12-5) 

rrif, called the modulation index, is a convenient representation for 
KfE sm / 03 s . Then 

e = E km cos ( 03 k t + rrif sin 03 s t) (12-6) 

is the equation of the modulated voltage. This form of angle modulation 
is called frequency modulation. 



346 


ENGINEERING ELECTRONICS 


Instead of varying co in the manner just described, one can theoretically 
make the variation in almost any manner desired. For example, one can 
make the variation of co in such a way that <t> changes from its normal 
value (with constant frequency) by an amount proportional to the instan- 
taneous value of e a . Thus A<f> = K p E em cos co s t y <f> = cokt + K p E sm 
cos co s t, and hence 

e = E km cos (c okt + m p cos co 8 t) (12-7) 

where m p = K p E am is the modulation index in this type of angle modula- 
tion called phase modulation. For phase modulation co = d<t>/dt = cok — 
K v E sm io 8 sin co s t = c ok — m p cos sin co 8 t, and hence the maximum frequency 
deviation is A <o m = m p co 8 . Hence for either type of angle modulation, 
m(rrif or m p ) is the maximum phase deviation from the normal angle cokt, 
and it is also Aco m /co a , the ratio of maximum frequency deviation to the 
audio frequency. In either case also the value of m varies linearly with 
the value of E sm . 

Comparison of the expressions (12-6) and (12-7) leads to a preliminary 
conclusion that, for a sinusoidal modulating waveform, the results are 
identical. This is not the case, however. The differences lie in the mod- 
ulation indexes, rrif is inversely proportional to the frequency c o s , while 
m p is independent of this frequency. For other than a sinusoidal mod- 
ulating voltage the differences are more pronounced, as may be readily 
perceived if we remember that for frequency modulation the change in 
frequency follows the modulating- voltage value; the change in angle is 
the integral of this voltage. For phase modulation, on the other hand, 
the change in phase follows the modulating voltage; the change in fre- 
quency is the derivative of this voltage. For a sinusoidal waveform the 
integral and the derivative are also sinusoidal. 

It is of some interest to see how these types of modulation can be 
effected by using an alternator driven at constant speed. Certain of these 
machines have the stator built so that it can be rotated to a limited extent 
about the axis of the rotor in order to shift the phase angle of the gener- 
ated voltage. If the stator is clamped in a fixed position and the strength 
of the d-c field is varied sinusoidally at a slow rate, the amplitude of the 
alternating voltage changes correspondingly and this voltage is amplitude- 
modulated. Next, suppose the field excitation to be constant, the stator 
clamp loosened, and the stator rocked slowly to and fro. Of course, the 
generated voltage will vary slightly, but if we ignore this small departure 
from constant amplitude, we have angle modulation. If the angular 
velocity of the rocking movement is made proportional to cos co*/, fre- 
quency modulation results, while if the amount of the angular movement 
is made proportional to cos co s t, we have phase modulation. 

Since practical methods for producing modulated waves are, like other 
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engineering processes, only approximately exact, angle modulation is 
seldom exactly either frequency modulation or phase modulation and 
usually involves degrees of both, together with a small degree of amplitude 
modulation. 

12-3. Amplitude Modulation. A voltage with sinusoidal amplitude 
modulation can be represented mathematically by 

e — Ekm(l + m a cos cc s t) cos w k t (12-4) 

In Fig. 12-1 the waveform from a to b is that of the unmodulated carrier. 
From b to c the amplitude of the r-f wave rises to a value 50 per cent 
greater than that of the unmodulated wave, and hence m a = 0.50, or 50 



Fig. 12-1. Various degrees of amplitude modulation. 


per cent. The waveform from c to d is 100 per cent modulated. This is 
the limit to the modulation if periods of no r-f voltage are to be avoided. 

A smooth curve drawn through the tops of the r-f waves has an equation 
E km ( 1 + m a cos c o,t) and is called the envelope of the r-f waveform. The 
variable component of this expression has the waveform of the modulating 
signal. Note that the modulating-signal waveform (inverted) can also 
be observed as the envelope of the lower extremities of the r-f waveform. 

If we multiply the factors contained in Eq. (12-4) and apply the iden- 
tity cos x cos y = 34 cos {x + y) + Yl cos ( x ~ V), we obtain 

e = E km COS COA :t + E km m a cos (u k + w s )t + %E krn m a cos (o) k — C c 8 )t (12-8) 

This expansion shows that when a carrier is amplitude-modulated, the 
waveform of r-f voltage is no longer precisely sinusoidal (naturally not, 
since even the positive and negative amplitudes of one wave are not 
exactly equal) but consists of the sum of three r-f waveforms — that of the 
carrier, which is exactly the same as before modulation, and those of the 
side frequencies, one higher and the other lower than the carrier frequency 
by the amount of the modulating frequency. The amplitudes of the two 
latter components are the same and are equal to m a / 2 times the amplitude 
of the carrier. 
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The power delivered by an a-m voltage to a constant resistance can be 
computed from Eq. (12-8). Since the power varies as the square of the 
peak voltage, if the power for the carrier is unity, that from each side- 
frequency voltage is m a 2 / 4. As an example, if the wave is 100 per cent 
modulated and the total power is 150 watts, the carrier power is 100 watts 
and each side-frequency power is 25 watts. Since all the signal transmis- 
sion is in the side frequencies, it is well to make the modulation factor as 
near unity as practicable. 

Because the usual a-f signal has a waveform which can be considered 
as the sum of many sinusoidal components, the modulated wave has many 
side frequencies above and below the carrier frequency. The totality of 
those above constitute the upper sideband; the others make the lower 
sideband. In Fig. 12-2 is shown graphically the frequency positions and 


h 

0 




f 


Fig. 12-2. The a-f spectrum is moved to a new position by modulation. 



(a) 




Fig. 12-3. Vector diagrams for an a-m wave. 


the amplitudes of the components of a certain audio signal and also of 
the corresponding sidebands after modulation. The total bandwidth 
required for the modulated wave is double the frequency of the highest 
a-f component in the modulating wave. In ordinary a-m radiobroadcasts 
the highest audio frequency handled is about 7500 cps, requiring a band- 
width of 15 kc. Since the total r-f spectrum available for a-m broadcast- 
ing is divided into 10-kc channels, it has been advisable to make a geo- 
graphical separation of stations on adjacent channels in order to avoid 
excessive interference. 

Figure 12-3 shows vector diagrams for a waveform with sinusoidal 
modulation. In (a) a vector rotates at a constant angular velocity of c o* 
radians per sec, while the vector length varies between the limits Ek m ( 1 — 
m a ) and E km (l + m a ) in simple-harmonic fashion f s times per second. 
Figure 12-35 shows the same occurrence explained with vectors represent- 
ing the side frequencies. The sum of the side-frequency vectors together 
with the carrier vector varies in the same manner as in (a). Figure 12-3c 
shows the same motions as viewed by an observer traveling with the car- 
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rier vector. The reference axis then appears to rotate in the reverse 
direction, and the two side-frequency vectors rotate in opposite directions 
at a rate of o> s radians per sec. In all three diagrams one can observe that 
the vector representing the total modulated wave rotates at a constant 
angular velocity relative to the reference axis. Since the actual instanta- 
neous voltage is the projection of the rotating vector on the horizontal 
axis, it appears that the time intervals 
between zero values of the r-f voltage are 
constant for an a-m wave. 

12-4. Methods of Amplitude Modula- 
tion. The ideal characteristic of a device 
for producing an a-m waveform is shown 
in Fig. 12-4, where E m represents the 
peak value of the r-f wave and e 8 is the 
instantaneous value of the modulating 
signal. We may note that the relation- 
ship is a linear one so that changes in the peak values are proportional 
to the changes in e s . 

There are many methods by which an a-m waveform can be produced. 
The most important ones are those which involve a class C amplifier. Of 
some importance also are those involving nonlinear circuit elements such 
as semiconductors and diodes and grid tubes which operate with a square- 



Fig. 12-4. Ideal modulation char- 
acteristic. 
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Fig. 12-5. A modulated class C amplifier and its modulator. 


law characteristic. Of little importance are the old, crude methods such 
as the one in which a carbon microphone is placed in series with the 
antenna lead, where it effects modulation by its variable absorption of 
r-f energy. 

12-5. Plate Modulation of a Class C Amplifier. The ideal modulation 
characteristic of Fig. 12-4 can be approached by applying the modulating 
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signal in the plate circuit of a class C amplifier whose grid is driven by the 
r-f carrier voltage and whose tuned circuits are resonant at the carrier 
frequency. Figure 12-5 shows the schematic diagram for such a mod- 
ulated amplifier, together with a modulator amplifier. The class C ampli- 
fier in this case employs a triode. To avoid self-oscillation, a neutralizing 
current is fed through C\ to offset the current through C gp , which would 
otherwise excite the tuned grid circuit. This method of neutralization 
is called Hazeltine-system, or plate, neutralization. The r-f output volt- 
age to the load depends upon the effective plate-supply voltage, e bb ~ E ^ 
+ v p , where v p is the voltage output of the a-f power amplifier (often 



Fig. 12-6. Graphical explanation of the action of a plate-modulated class C amplifier. 


called the modulator). The d-c magnetization of the a-f transformer core 
is reduced by properly polarizing the primary and secondary winding 
connections. 

To show the modulating action, let us refer to Fig. 12-6, where dynamic 
characteristics for three values of e bb have been drawn. These values of 
e bb correspond to values of v v equal to +E am , 0, and —E sm , respectively. 
Since the impedance of the plate-tank coil is very low to an a-f current 
as well as to direct current, curves taken for static values of e bb are suffi- 
ciently accurate for dynamic use. 

With the class C tube biased well beyond cutoff by the effect of E cc and 
a small amount of grid-leak action, the large r-f grid signal causes large 
pulses of plate current when e bb = Ew. These pulses last for somewhat 
less than a half cycle, just as in the case of an ordinary class C amplifier. 
Now as v p = E sm cos c o s t slowly changes e bb , the action progresses along 
different dynamic characteristics, with the resulting pulses varying in 
amplitude and to some degree in conduction angle. These current pulses 
excite in the tank circuit a large circulating r-f current, which likewise 
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varies in magnitude. If the effective Q of the tank is properly chosen, the 
pattern of tank current and of tank voltaige will be as shown. 

Figure 12-7 shows waveforms of grid voltage and of plate voltage for 
constant grid bias. The modulating voltage here has a peak value of E bb . 
This causes 100 per cent modulation and is the greatest value that 
can be used if plate-current cutoff (overmodulation) is to be avoided. 
The pattern of plate voltage with the slow change filtered out will be the 



Fig. 12-7. Waveforms of grid voltage and of plate voltage with constant grid bias 
and 100 per cent plate-circuit modulation. 

tank voltage and will resemble the waveform of e t shown in Fig. 12-6. 
Although the class C amplifier was designed so that e &min was approxi- 
mately e rmax , it may be noted that, at the positive crest of the modulation 
cycle, e bm]n = 2e Cmax . This departure from design conditions causes some 
nonlinearity in the modulation characteristic. If a grid leak is inserted 
for additional bias, the total bias will decrease at the peak of the modula- 
tion cycle because of the decrease in grid current and the waveforms of 
r-f grid voltage will slowly rise and fall with the modulation in such a way 
as to make e Cmax approximately equal to e bmin . 

A graphical method for the design, which uses constant-current tube 
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characteristics, follows that for a class C amplifier. Computations are 
made for instantaneous modulation voltages of, say, zero, positive max- 
imum, negative maximum, and one-half each of these extreme values. It 
is well to choose Ebb as about one-half the normal class C amplifier value. 
Then for the zero-modulation case, e b b — E and tentative values of E CCJ 
e CmftI and e b{nin are chosen. Computations of E Pl , I Pl , and#(= E p JI Pl ), 
the antiresonant tank impedance, can now be made. For the case of the 
positive maximum of the modulation cycle, e b b — 2 E bh (for 100 per cent 
modulation), E ee and e Cmax are the same as before, and e bmiu is somewhat 
greater than before, its value being determined by trial and error to main- 
tain R constant. In like manner the values of E Pl and I Pl are made for 

the other modulating- voltage values and the 
value of R checked as being held constant. 

If the values of E Pl are plotted against 
those of and R has been well chosen, one 
has the modulation characteristic as shown 
by curve a of Fig. 12-8. Curve b shows the 
characteristic for a lower-Q tank. These 
curves should be compared with c, which 
represents the ideal. If the bias is made 
somewhat less as e bb is increased, it will be 
found that curve a is somewhat straight er. 
Hence we see the advantage of a high imped- 
ance load and of the use of a grid leak for additional bias. The Q of the tank 
is largely dependent upon the amount of loading, and since a high imped- 
ance load and a high Q mean a low power output, compromise is obviously 
necessary. A further difficulty with a high-Q tank is its inability to 
change its stored energy rapidly and thus to respond to rapid variations 
in the modulating voltage. A Q value of 10 is usually satisfactory. 

The fixed supply of E bb and the modulator together furnish the power 
in the plate circuit. Since the frequency of the former is zero and that of 
the latter is co a , we need only these frequency components of the plate cur- 
rent to obtain the plate input power. These are both contained in the 
average current over the r-f cycle, which varies in value as the modulating 
voltage slowly changes. It is possible to determine the manner of this 
variation if we compute ha (in this case a function of time) for various 
values of e bb in the same fashion that we computed E Pl as described in a 
preceding paragraph. If I ba is then plotted against e bb) a curve similar to 
a of Fig. 12-8 will be obtained. Thus it is a reasonable assumption that 
ha varies linearly with the value of the modulating voltage. If hao means 
the average current with no modulation, then 


e bb 

Fig. 12-8. Actual and ideal 
modulation characteristics for a 
class C amplifier. 


Iba -b>ao(l I COS £*),<?£) 


(12-9) 
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This expression for /&<, contains both the zero-frequency and the u 3 com- 
ponents of the plate current. Since the value of V pm which gives 100 per 
cent modulation is E hb , we may write, for a degree of modulation m a , 

= Ebb Vp = Ebb T vfi a Ebb cos u> 8 t = EbbiX T m a cos (12-10) 

The total plate-circuit power input is 

1 f 2v 

Eb 2^. / Iba@bb d((i} s t) 

1 [ 2V 

= 2 ^ I Ibao( 1 + w a cos co a t)Ebb(l + rn a cos a ) s t) d(wj£) 

= i + ¥) (12_11) 

The power supplied by the source of E bb is E bb multiplied by the zero- 

frequency component of Iba , and hence 

Ebb — Ebblbao ( 12 - 12 ) 

and therefore the power from the modulator must be 

P M = ^ Enl^ (12-13) 


For 100 per cent modulation the modulator must supply half as much 
power as that from the source of E b b- 

As modulation is applied, the fundamental components of plate voltage 
and current and the average plate current over an r-f cycle all vary 
approximately linearly with the modulating voltage. Thus both the 
power output and the power input vary as the square of the modulat- 
ing voltage, and we see that the plate efficiency is approximately con- 
stant over a modulating cycle. We shall therefore assume the plate- 
circuit efficiency to be r) C , the same as for the class C amplifier with no 
modulation. 

The power output of the class C amplifier may be computed and broken 
down as follows : 


P ac — PbVC = Vc Ebblbao^ 


0 +¥)- 


V c(Pbb + Pm) (12-14) 


The carrier power is the same with or without modulation, and hence 
TjcPbb is the power in the carrier output. It appears that vcPm must be 
the added power contained in the sidebands. Thus the fixed plate power 
supply furnishes the carrier power; the modulator supplies the sideband 
power. 
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The plate dissipation in the class C amplifier is 

P pC = P„(l - vc) = E bb I bao (l + (1 - V c) (12-15) 

With no modulation, P pC is only E bh I bao { 1 — Vc), while with 100 per cent 
modulation it becomes l.5E bb I bao (l — 77 c). Hence it would appear that a 
plate dissipation only two-thirds of the normal allowable value should be 
assumed in making the modulated class C amplifier design. Since 100 
per cent modulation is usually only a transient phenomenon and the degree 
of modulation under ordinary circumstances averages much less, the 
factor two-thirds is unnecessarily too low. 

The power required for the modulation is given by Eq. (12-13). If the 
modulation transformer has an efficiency of rj T and the plate efficiency of 
the modulator tube is then the plate dissipation in the modulator tube 
is 

P ILf 1Y) ^ 

P p m = SJL (l _ VM ) = EuhU 1 - n m) (12-16) 


If we compare this value of plate dissipation with that for the class C 
tube [Eq. (12-15)], we see that for the case of 100 per cent modulation 


P pM 1 1 — ?}M 

P p c StjtVm 1 — Vc 


(12-17) 


Suppose the class C amplifier has a plate efficiency of 75 per cent and the 
modulation transformer has an efficiency of 80 per cent. If the mod- 
ulator-tube plate efficiency is 20 per cent because of class A operation, the 
value of the ratio of P pM /P p c is 6.7. Thus for every 100 watts of allow- 
able plate dissipation for the class C tube, 670 watts of plate dissipation 
must be provided for the modulator. This ratio can be greatly reduced 
if the modulator is made push-pull class B (see Art. 8-13). The efficiency 
of this class of operation can be made considerably higher than that for 
class A. If we assume 60 per cent, the ratio determined from Eq. (12-17) 
becomes only 1.1. Hence in the above example the total plate dissipa- 
tion in the push-pull modulator need be only about 110 watts. 

A matter of great importance is the load on the modulator. The mod- 
ulator delivers P M watts of power at a voltage V p ; hence the load resist- 
ance R m can be computed from the formula P M = V P 2 /R M . For a degree 
of modulation m a , V p = m a E bb /yJ 2 , and P M = yim^E^hao. Hence 


V P 2 _ _ Em 

Pm yim a E bb I bao Ibao 


(12-18) 


Thus the secondary load for the modulator can be determined from instru- 
ment readings of E bb and of the average plate current while the r-f grid 
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voltage is applied, but witli no modulation. The turns ratio of the mod- 
ulator transformer is chosen to make this a suitable plate load for the 
amplifier. 

Because of the fact that plate-modulated class C amplifiers can be 
easily adjusted to give excellent linearity, they are very popular. How- 
ever, the large amount of modulating power required necessitates an 
expensive outlay for modulator tubes and transformers. For high-power 
transmitting stations the modulating transformer may weigh several 
tons. For mobile equipment the heavy weight and bulk of the modulator 
equipment are further drawbacks to this method of modulation. 

12-6. Grid -bias Modulation of a Class C Amplifier. If a class C 
amplifier with an r-f input voltage has its grid bias varied at the rate of 



Fig. 12-9. A grid-bias-modulated class C amplifier. 


the audio signal, the magnitude and conduction angle of the plate-current 
pulses vary in much the same manner as for plate modulation. Figure 
12-9 shows a circuit which will produce a modulated wave in this fashion. 
This one employs a triode, but a tetrode or a pentode can be substituted 
if desired. The arrangement shown for neutralization with a triode uti- 
lizes a capacitor Ci to feed a current into the grid tank at a point where its 
effect is opposite that of the current flow through C gp . This method is 
known as Rice-system, or grid, neutralization. 

Figure 12-10 shows the action in a grid-bias-modulated class C ampli- 
fier. The adjustment of the circuit should be such as to make the 
dynamic characteristic as straight as possible. The amount of grid bias 
E cc , the amplitude of the r-f grid signal, and the amplitude of the mod- 
ulating signal should be adjusted so that for 100 per cent modulation the 
following conditions hold: 

1. On the positive peak of the modulation cycle the tube is usually 
made to operate class B (it must not be class C), and the grid should 
swing considerably positive in order to obtain good plate-circuit efficiency . 
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2. On the negative peak of the modulating voltage the plate current 
should be near zero, which means that the modulating voltage peak is 
one-half the r-f voltage peak. 

3. It follows that the magnitude of E cc should be equal to one-half the 
amplitude of the r-f voltage added to the magnitude of the cutoff 
voltage. 

The actual modulation characteristic for the circuit can be determined 
by applying a fixed carrier-frequency grid voltage and zero modulating 
voltage, and determining the r-f tank current for various values of grid 
bias. Many runs can be made with different values of r-f grid voltage 



and of plate-load resistance. The graph of tank current It vs. E cc which 
gives the greatest linearity with satisfactory power output is thus deter- 
mined. It is difficult to obtain excellent linearity, the performance being 
generally somewhat inferior to that obtained with the plate-modulation 
system. 

As in the case of plate modulation, the average plate current over an r-f 
cycle varies approximately as the modulation voltage, in this case as the 
change in grid bias. Since the grid voltage with modulation averages a 
constant amount E CC) the plate current averaged over the modulation 
cycle is approximately constant regardless of the degree of modulation. 
On the other hand, since for a linear modulation characteristic the peak 
r-f tank current for 100 per cent modulation is double the value for no 
modulation, the peak r-f power is increased four times by applying the 
modulation voltage. Thus if the efficiency at the peak of the modulating 
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cycle can be made, say, 80 per cent, that for zero modulation is only 20 
per cent. For a given class C tube this makes the amount of average 
power obtainable from a grid-bias-modulated amplifier considerably lower 
than that from a plate-modulated one, which can have a practically con- 
stant high efficiency for any degree of modulation. 

On the credit side, however, the grid-bias-modulated amplifier* needs 
little modulating power, and a low-power class A push-pull modulator is 
sufficient. For some applications the low bulk and weight of this type of 
modulating device make it preferable to the plate-modulated system. 
With the addition of negative feedback to the circuit, the distortion pro- 
duced by the normal somewhat nonlinear modulation characteristic can 
be reduced to a satisfactory level. 

12-7. Modulation of a Class A Amplifier. One of the early modulating 
devices (van der Bijl modulator) employed a class A amplifier with the r-f 
and a-f signals both applied to the grid circuit in the same manner as for 
the grid-bias-modulated class C amplifier of Art. 12-6. The action in the 
class A case, however, depends upon the curvature of the plate character- 
istics. The principle can be applied equally well to a diode, to a triode in 
which one signal is applied to the grid while the other is applied to the 
plate, or to a multigrid tube with the signals applied to the same or to 
different electrodes. 

In any case an analysis can be made in the same fashion. Let us first 
assume the shape of the plate characteristics to be approximately par- 
abolic in the operating region; thus 

ib = k(e b + ixe c ) 2 (12-19) 

this being an adaptation of Eq. (4-3). Another exponent value such as 
1.5 can be used instead if desired. 

The alternating plate current can be approximated by using the first 
few terms of Taylor’s expansion (Art. 6-19). Thus [see Eq. (6-57)] 

i p = die + a 2 e 2 + a 3 e 3 + • • • 

where the a 1 s are constants and e is the total effective signal in grid- 
circuit terms. Thus if two signals are both applied to the grid circuit, 
e = e\ + e 2 , while if one is applied to the grid while another is inserted in 
the plate circuit, e = e\ + e 2 //*> and so on. The results obtained in all 
cases are similar, the only differences being those caused by values of m- 
Let us continue with the case in which both signals are applied in the grid 
circuit of a triode as in Fig. 12-11, where only the basic circuit is drawn. 

* For further details of the grid-bias-modulated amplifier consult Samuel Seely, 
“Electron-tube Circuits,” pp. 332-337, McGraw-Hill Book Company, Inc., New York, 
1950, 
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e = e x + e 2 


( 12 - 20 ) 


If we assume that the load is resistive and the same for all frequencies, 
then cq is given by Eq. (6-59), 


We can obtain r p at T as the value of de b /d4 from Eq. (12-19). Thus 


2 k{eb + }ie c ) \t 2k(Ebt + m E ct ) 


( 12 - 21 ) 



Hence cq is a constant dependent upon tube and circuit parameters. The 

value of a 2 is given by Eq. (6-60) : 

L °° d l “ 2 “ 2(r p + R L yde b 

— This equation contains dr p /deb , 

■ i which from formula (12-21) equals 

Fig. 12 - 11 . Square-law triode with two 1/07/ 1 \ 2 I 1 /OJ./7? 1 

, — 1 / 2k(eb + M^c) L = — 1 2iK\e*u + 

signais applied in the grid circuit. / I T 

fiEd ) 2 at the operating point. Thus 
a 2 will usually be small compared with cq. Likewise the coefficient a 3 [for- 
mula (6-61)] is considerably smaller yet, and we shall assume that suffi- 
cient accuracy is obtained by using only the first two terms in the expan- 
sion, and the current for our application becomes 

ip = ®i(^i + e 2 ) + a 2 (ei + e 2 ) 2 (12-22) 

It should be understood that the square-law form (12-22) holds even 
though the exponent in Eq. (12-19) can be chosen as 1.5 or otherwise 
(not unity). In other words, the square-law behavior is a good assump- 
tion when small signals are applied to a device with a curved dynamic 
characteristic. 

If Ave assume e\ to be a carrier voltage and e 2 to be the modulating volt- 
age, then 

<q = e k = E km cos u k t (12-23) 

and 

e 2 = e s = E sm cos oj 8 t (12-24) 

Hence 


ib — ai(E km cos c o k t + E 8m cos <a 8 t) + a 2 (E km cos u k t + E sm cos a ) a t)' 

— Cli(E km COS a ) k t + E sm COS c o 3 t) + - 2 - ^ m - J- 2 Jf- cos 2c c k t 

~b a 2 E km E 8m [ cos (w k + a> 8 )t + cos (cc k — w s )£] 


cos 2oo k t 


a 2 E s J 


cos 2a ut (12-25) 
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Now when % flows through a load of constant resistance, all the fre- 
quency components of (12-25) appear in the output. This is not a very 
useful result, and therefore let us replace the constant load resistance by 
an L-C tank circuit tuned to the frequency co*. The formulas for a h a 2 , 
etc., used previously do not now apply, and instead we should obtain 
coefficients which depend upon frequency. Thus in (12-25) the form of 
the expansion remains the same, but the a x coefficients depend for their 
values upon the frequencies of the signals, and likewise for the a 2 values. 
If we are interested only in qualitative results, this makes no difference 
and hence formula (12-25) is still useful. In fact, in case the tank pro- 
vides a high impedance Rl — Rt to current components having frequen- 
cies near to*;, and zero impedance to other components, the formulas (6-59) 
and (6-60) for a x and a 2 are correct. We shall assume this to be so. Thus 
the alternating plate voltage has an approximate form 


Bp Rt\chEkm COS C Okt + n2-Efc m E sm [cOS (&)/; “j - 0) 8 )t — j - COS (tOfc £O g )^] ] 

(12-26) 

or 

e p = aiE km R t (l + cos o, s t) cos mt (12-27) 


which is an a-m wave since it is similar to Eq. (12-4). 
factor is 


m f 


= — 
a i 


(r p + R t ) 2 de b 


The modulation 
(12-28) 


We see that m a depends upon E %m (but not upon E km ) and that m a is small 
unless E 8m is made very large. 

Square-law modulation as a substitute for the linear modulation pre- 
viously discussed has few applications today. The action described here 
takes place inadvertently in amplifiers and causes hum and cross-modula- 
tion effects. In the case of the former, the hum-frequency voltage 
induced in the grid circuits of a tube operating nonlinearly modulates the 
signal and causes hum to appear in the output. In cross modulation a 
signal from an unwanted radio station is sometimes insufficiently filtered 
out from the circuit leading to the grid of a vacuum tube operating non- 
linearly. The grid circuit rectifies this modulated wave and produces a 
modulation-frequency voltage in the grid circuit. This in turn modulates 
the wanted signal by square-law action. 

Square-law modulation does have three very important applications, 
which are discussed in the following articles. 

12-8. The Balanced Modulated Amplifier. The circuit for the bal- 
anced modulated amplifier (also called a balanced modulator) of Fig. 
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12-12 resembles those of the balanced amplifier of Art. 7-21 and the push- 
pull amplifier of Art. 8-9. An operating point (E bo ,E C0 ) is chosen which 
gives each tube identical square-law characteristics. Thus from Eq. 
(6-57) and the discussion of the preceding article we can write the plate 
current of either tube as 

i p = <he g + d 2 e g 2 (12-29) 


The signal voltages ei and e 2 can have any frequencies. For tube 1 the 
grid voltage is e\ Q — e± + e 2) while for tube 2, e 2g = ei — e 2 . Then 


and 


tip = ai(ei + e 2 ) + a 2 («i + e 2 ) 2 (12-30) 

i 2 p = ai(ei — * e 2 ) + < 12(61 — 6 2 ) 2 (12-31) 


Now the voltages obtained from the plate-circuit transformers may be 
determined. e$ will be proportional to the sum of i\ p and i 2py while e 4 is 



Fig. 12-12. Basic circuit for a balanced modulator. 


proportional to ii p — i 2p . Hence 


and 


€3 — Ki(2aiei + 2a 2 6i 2 -T 2 a 2 e 2 2 ) (12-32) 

€i = K 2 (2di6 2 T 4 ^ 26162 ) (12-33) 


where K 1 and K 2 are constants of proportionality. 

As an example of the applications let us suppose that ei — E km cos co k t 
and e 2 = E 8m cos aigt. Then contains components having frequencies co k , 
2w fc , and 2w Sj while e± has frequencies co 8 , cc k + o> 8 , and co k — o) 8 . Thus e A 
in this case contains the two sidebands of an a-m wave, but it lacks the 
carrier-frequency component. The balanced modulator can therefore be 
used in a system in which for any reason it is desired to suppress the car- 
rier. Such a procedure is not usually desirable in radio transmission 
because of the difficulty at the receiver of reinserting the carrier with the 
correct phase relations required for proper recovery of the original audio 
signal. However, if one of the sidebands is filtered out, either before or 
after transmission, then the phase of the carrier is not important and a 
suppressed-carrisr single-sideband system becomes practicable. This 
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method is used in carrier telephony and in some radio-communication 
systems. 

The student can readily determine the frequencies present in e 3 and in 
e 4 if other arrangements of the input voltages e } and e 2 are made. 

12-9. Heterodyne Frequency Conversion. 2 In the circuit of Fig. 12- 
11 let us suppose an operating point Q has been chosen in the nonlinear 
region of the tube characteristics. Then a signal applied to the grid cir- 
cuit produces a response representable as 


ip CL i €g d - CL 2 6q^ 


(12-34) 


In this case let us make e\ an a-m voltage 

ei = E km ( 1 + m a cos u 8 t) cos o3 k t (12-35) 

and e 2 a sinusoidal voltage generated by a local oscillator, 


e 2 = E 2 m cos o) 2 t (12-36) 

where a) 2 is considerably higher than 03 k (considered so in this discussion 
only). Then since e g = e\ + e 2 , it follows that 


'Lp — — Cl\[E kn i(l | — r CLLa, COS C Ogi'} COS 03 k t ] - E 2 m cos C0 2 ^] 

H" cL 2 [E km (l T- m a cos o) 8 t) cos 03 k t + E 2 m cos o3 2 (\ 2 (12-37) 


There are many frequencies present in i v> but if the plate load is tuned to 
a frequency of, say, co 2 — 03 kj only terms having frequencies at or near this 
value are important and others may be omitted. Hence, if the plate-load 
impedance near this frequency is R t , 


e p ~ R t a 2 E km E 2m cos (o> 2 — o)k)t + 


Rtd 2 E km E 2m m a 


[cos (a ) 2 — co* — - 03 e )t 


H“ COS ( 0)2 — 03 k -J- <0s)£] — CL 2 RtE km E 2m (l T" Wla COS 03 s t ) COS ( 0) 2 — 03 k )t 

(12-38) 


Expression (12-38) for e p is the equation for an a-m wave with a modula- 
tion frequency and a modulation factor m a the same as those in the 
original modulated wave, but with a carrier frequency o) 2 — c o k replacing 
o3 k . Thus the action of this circuit has moved the intelligence-bearing 
sidebands from a position in the frequency spectrum where they were 
centered at a) k to another position where they are centered about the fre- 
quency c o 2 — 03 k . The carrier and sideband frequencies in the new posi- 
tion are sometimes referred to as intermediate frequencies. 

This relocation of the sidebands is called frequency conversion. The 
process is very commonly employed in superheterodyne receivers in order 
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to shift the frequency band of any desired station to an i-f band. The 
fixed-frequency amplifier handling the latter is usually of the double- 
tuned type (Art. 7-37) and can give high gain and excellent selectivity 
without too much sideband clipping. 

The oscillator producing the voltage e 2 may be separate from the 
square-law tube, in which case the latter is called a mixer tube. On the 
other hand, it is possible to have one tube act as both oscillator and mixer; 
this tube is then called a converter tube. 

The application of the voltages e\ and e 2 to the same grid causes some 
undesirable interaction between the circuits supplying these voltages. 
Except for very high frequencies it is more common to use multigrid tubes 
and apply the two signals to separate shielded grids. Figure 12-13 shows 




aj 2 -aj k +a) s 

w 2 -aj k -a> s 


Tuned to cu 2 ~(o h 


Fig. 12-13. A pentagrid mixer circuit. 


a circuit for a mixer employing a pentagrid tube. Grids 2 and 4 are 
shielding electrodes, and grid 5 is a suppressor. The local-oscillator 
voltage e 2 is applied between grid 1 and cathode. The grid voltage e 2 
swings just enough positive to make a small average grid current flow 
through R g , thus biasing the grid to about the peak value of e 2 . Since this 
bias value is usually beyond plate-current cutoff, the electron stream past 
grid 1 flows in pulses. Upon reaching grid 2, where the field is consider- 
ably dependent upon the grid 3 signal voltage e 1} the electrons either pass 
on to the plate or stop off at grid 2, each to a degree depending upon the 
relative phases of e\ and e 2 , which are constantly shifting. Both voltages 
hence determine the plate current, ei has but little effect on the space 
charge near the cathode and hence upon the current pulses passing 
through grid 1. Therefore, there is little interaction between the signal 
and the local oscillator. The plate voltage has little effect on the pulses 
passing through grid 3 because of the shielding effect of grids 4 and 5, and 
hence the tube has a high plate resistance. This is preferable to the 
low-r p value for a triode which lowers the Q of the primary winding of the 
i-f transformer. 

The alternating plate current caused by the signal e 1 can be computed 
as g m ei ( g m of the third grid to plate) because r p is very large. But since 
i v varies cyclically at the rate of W2, gm varies at the same rate. We can 
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expand g m in a Fourier series of cosine terms since the values of g m for 
rising e 2 are repeated in reverse order as e 2 falls, making g m an even func- 
tion. Thus 

g m = b 0 + bi cos u 2 t + b 2 cos 2 o 2 t + b 3 cos 3 u 2 t + • • • (12-39) 

and hence if we consider only the carrier component of e x (other compo- 
nents can be treated similarly), 

ip = (bo H - cos o>2 1 -f- b 2 cos 2 o>2 t T fo 3 cos 3o>2^ T * * *) Ekm cos wkt (12-40) 

If we tune the load to a frequency o> 2 — c ok, we are interested only in the 
component of i v having this frequency. It is not difficult to show that 

L t - Ut = bl ~ km cos (to 2 - to k)t (12-41) 

where 61 is the Fourier coefficient determined as 

2 f 2ir 

bi = / g m cos o ) 2 t d(co 2 t) (12-42) 

The ratio of the magnitude of the i-f carrier current to the magnitude of 
the carrier signal voltage on grid 3 is called the conversion transconduct- 
ance g c . We can see that this equals 

M biEkm b\ 1 f 2v j. . / 10 in\ 

g c = = -o=o~ ffmCos 0)2 1 d(o) 2 t) (12-43) 

If a graph of g m (grid 3 to plate) values for various grid 1 voltages can be 
obtained, this formula enables one to make a graphical computation of g c . 

The use of the square-law modulator or the multigrid mixer for frequency 
conversion accomplishes what was done in the early days of superhetero- 
dyne receivers by using a certain type of detector circuit. Hence arose 
the custom of calling frequency conversion a detection process, and the 
converter stage is sometimes even yet called the first detector (as differen- 
tiated from a later tube in the circuit, the second detector, which is used 
to recover the audio signal). 

12-10. Square -law Demodulation. Demodulation is the process of 
recovering the original audio signal from a modulated wave. If the mod- 
ulated signal, assumed to have u>* as its center frequency, is injected into 
the grid circuit of Fig. 12-11 as e lf while the input e 2 is omitted, we are in 
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a sense operating a heterodyne frequency converter for which the results 
are already stated in Eq. (12-37) if we make e 2 = 0. Thus 

i p = aiEkmO- + m a cos o) 8 t) cos u k t + a, 2 E km 2 (l + m a cos cc s t) 2 cos 2 c o k t 


= aiE k mO- + m a cos c c s t) cos u k t + 


&2 Ek 


vri 1 

~h —Jj- cos 2<ji 8 t -j- 




m r , 


1 + + 2 m a cos 


cos 2(x ) k t + m a cos (2o?jfc + co 8 )t 


m f 


+ m a cos (2wjb — <o a )£ + — cos 


771 2 

(2 Wfc + 2w s )^ 4 COS (2cJA: — 2u s )t 


(12-44) 


If a plate load is chosen which offers high impedance to a-f components 
only, then the alternating plate voltage has the form 


-*( 


m, 


cos co 3 t + cos 2w s t 


) 


(12-45) 


Thus the original a-f signal is recovered together with a second-harmonic 
distortion component. For 100 per cent modulation this distortion will 
amount to 25 per cent, and to hold it to even 10 per cent requires that the 
degree of modulation be kept down to 40 per cent. Since the average 
modulation for broadcasting may be near this figure, the distortion may 
be acceptable except on the high-volume peaks. However, an audio sig- 
nal actually consists of numerous a-f components, and a further develop- 
ment following the method just employed would show additional distor- 
tion with frequencies evolved which are combinations of all these audio 
frequencies and also their harmonics. Since none of these components 
would have an amplitude greater than that of the second harmonic, how- 
ever, the limitation just stated on the degree of modulation still applies. 

At one time the square-law 
modulated-ampiifier circuit was quite 
popular as a demodulator, but it has 
been superseded in most cases by the 
linear diode detector to be described in 
the next article, which also demod- 
ulates but with better results. 

12-11. Linear Diode Detection. 
Most broadcast receivers today use 
diode linear detectors to recover the audio signal from the modulated r-f 
wave. Although the circuit of Fig. 12-14 will give an a-f output if C is 
omitted, the presence of C is useful in two ways. First, it acts as a filter 
to remove the r-f components from the output, and, second, it makes the 
output voltage higher than it would be otherwise. We shall consider only 
the case in which C is used. 



Fig. 12-14. A diode detector. 
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Assume Ci to be a modulated wave. Near the positive peak of the r-f 
cycle a pulse of current through the tube charges the capacitor C to a volt- 
age value equal to that of the r-f peak less the amount of the tube drop. 
When the r-f voltage falls from its peak, the tube soon ceases to conduct 
because the capacitor holds the cathode potential almost at the peak 
value, where it remains except for a slow fall due to discharge through R L) 




(a) Id) 

Fig. 12 - 16 . e Q is the envelope of the modulated r-f waveform unless clipping occurs. 

until the r-f voltage rises near its positive peak again. Thus in effect the 
capacitor voltage e Q is a bias as shown in Fig. 12-15, and the total plate 
voltage for the tube rises just slightly above zero at the positive peaks of 
the r-f cycle. The figure also shows the plate-current pulses. It should 
be noted that if the 4 vs. e b curve for the tube rises steeply, denoting a low 
plate resistance, the excursions of e b into the positive region are reduced 
and the curve of e Q is almost exactly the modulation waveform. 

Figure 12-16a shows the manner in which e Q normally varies. Since 
there are actually many more r-f cycles than are pictured, the saw-tooth 
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pattern is exaggerated in the drawing. Nevertheless, of necessity the 
voltage e 0 must fall enough between r-f peaks so that some tube current 
always flows at the r-f peak voltage; otherwise when the envelope of the 
modulated voltage ei is falling, the value of e a cannot fall fast enough to 
follow the envelope. The rate of fall of e 0 is controlled by the value of 
R l C , and it can be shown that \/l — ra 0 2 /m 0 co s gives the greatest value 
of R l C that can be used and avoid this distortion-producing phenomenon 
called diagonal clipping. Here cu 8 refers to the highest frequency present 
in the modulating signal. 

A graphical determination 3 of the action of the diode detector can be 

made if we use the tube's rectification 
characteristics, which are somewhat 
similar in appearance to triode plate 
characteristics. These diode char- 
acteristics are obtained (see the cir- 
cuit of Fig. 12-17) by applying to the 
diode a succession of different fixed 
alternating voltages E k in series with 
a variable direct voltage and measur- 
ing the direct current which flows. 
The alternating voltage need not be 
of radio frequency, but the bypass 
capacitor C must have negligible 
reactance at the frequency used. The characteristics obtained for a type 
7A6 tube are shown in Fig. 12-18. 

In Fig. 12-14, if the cathode of the diode is grounded, then the potential 
of the lower output terminal is negative relative to ground and it fluc- 
tuates at the modulation frequency. With further filtering to remove the 
modulation-frequency voltage and vestiges of r-f voltage, the resulting 
direct voltage will depend only upon the magnitude of the r-f carrier 
applied to the detector (see Fig. 12-15). Hence this direct voltage can be 
used for biasing the preceding r-f amplifier tubes of a radio receiver. If 
these tubes are of the remote-cutoff type, their gain will gradually 
decrease with increase in grid bias and hence the system will constitute 
an automatic volume control (AYC). To achieve an adequate degree of 
filtering the circuit of Fig. 12-19 might be used. In this case the load to 
direct current is approximately 1 megohm, while to a-f currents the load 
is reduced to approximately 680,000 ohms by the parallel 2-megohm 
resistor. The 100-/x/xf capacitors have low reactances for r-f currents 
only. 

In Fig. 12-18 a d-c-load line for 1 megohm has been drawn. If we 
assume an unmodulated carrier input of 10 volts rms, the operating point 
is at Q. Through Q we now draw the a-c-load line for 680,000 ohms. If 



Fig. 12-17. Circuit for obtaining the 
rectification characteristic for a diode. 
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the r-f input voltage is modulated, say, 50 per cent, its rms value will 
range between 5 and 15 volts and the operation will be between points A 
and B , giving an a-f output voltage of 13.3 volts peak to peak. If the 
degree oi modulation is made much greater than 50 per cent, the rectified 
plate current will cease to flow for some portion of the cycle near the nega- 



E b ~ Direct volts 

Fig. 12-18. Rectification characteristics for type 7A6 tube (one diode). 


tive peak of the modulation envelope and serious distortion results. This 
occurrence is known as negative-peak clipping. The student should 
observe that the signal distortion resulting from the detection process can 
be computed from values taken from the rectification-characteristic 
curves in the same manner as for an amplifier. 

Unlike the square-law demodulator of Art. 12-10, which operates with 
a negative grid and hence has a very high input impedance, the diode 
detector draws an appreciable amount of power from its r-f voltage source. 
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One important result is a broadening of the bandwidth of this preceding 
r-f stage. We can estimate the input impedance by using power relations. 
Let us assume in Fig. 12-14 that the plate resistance of the tube is very 
low so that in Fig. 12-15 the plate voltage swings negligibly positive. 
Also assume C large enough so that no r-f voltage exists across Rl . The 

power in the diode circuit is hence dis- 
sipated only in R L , and the voltage across 
Rl has only two components, one a direct 
voltage of value E km and the other of 
modulation frequency and effective value 
m a E k . Hence the power dissipated is 
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(12-46) 


The power input to the detector can 
be computed from the modulated r-f 
voltage e as given by Eq. (12-8). Each 
of the three frequency components 
renders power according to the square of its effective value. Thus 


I MSI ~±r 

Fig. 12-19. A diode detector and 
A VC circuit. 
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(12-47) 


where P in is the resistance seen by the r-f voltage source. Equating 
powers and simplifying yields 


from which we obtain the relation 

i) El 


(12-48) 


(12-49) 


12-12. Interference in Radio Reception. Interference in the recep- 
tion of a-m signals is caused by other signals on the same or on adjacent 
channels and by natural and man-made static. In order to eliminate 
much of this difficulty, the FCC regulations specify very close tolerances 
for the carrier frequency, and thus two stations on the same channel have 
very nearly the same center frequency. If they did not, there would be 
heard from the receiver a beat note of the difference frequency. 

The principal difficulty in interstation interference is the effect of a 
highly modulated weak carrier on a lightly modulated strong one. Since 
the frequencies of the two carriers may differ by a small amount, there are 
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->+ 





times when these carriers are in phase and other times when they are out 
of phase, these situations occurring at the difference-frequency rate. 

As an extreme case let us assume the strong, lightly modulated signal 
has strength x with zero modulation, while the interfering station has 
strength y with 100 per cent modulation; x y> y. When the carriers are 
in phase as in Fig. 12-20a, we see that the total degree of modulation is 
y/ (x + y) ~ y/x. Somewhat more than a quarter of a cycle of the differ- 
ence frequency later, the situation is as shown in Fig. 12-205, where the 
resultant signal has the same length as x and hence the modulation is 
zero. In (c) is shown the situation when the carriers are out of phase, and 
now the degree of modulation is y/(x — y) « y/x again. The effect of 
all this to the listener is the sound of the 
modulating signal of the weak station rising 
to a value proportional to y/x and falling to 
zero at a rate double the difference frequency, 
perhaps a few times a second. Since the 
desired signal when fully modulated would 
give a constant output proportional to 
x/x — 1, the ratio of the interfering sound to 
the desired one is y/x , the same as the ratio of 
the r-f signals. Hence, if it is desirable to 
keep the interference in audio frequencies 
below, say, 1 per cent, the r-f carrier from the 
interfering station must be below 1 per cent 
of that from the desired station. 

The effect of random noise in an a-m receiver is much the same. The 
energy of static is quite uniformly distributed over the r-f spectrum, and 
hence the noise power picked up by the antenna and passed through the 
tuned circuits is proportional to the bandwidth of the latter. The noise- 
voltage amplitude is proportional to the square root of the bandwidth, 
and this noise voltage combines with the desired signal to add noise mod- 
ulation to the desired modulation. 

There are several proposals that have been made for solving the inter- 
ference problem. The allocation of station frequencies is done in a man- 
ner to place stations operating on the same frequencies at great distances 
apart. Some are made to operate with directional antennas, which radi- 
ate the energy away from a station sharing the same channel. Narrowing 
the bandwidth by suppressing one of the sidebands is sometimes done, 
and this improves the signal-to-noise ratio by a factor y/2. Radio sta- 
tions could also employ what is called preemphasis. Since the high a-f 
components in a program are of relatively small amplitude compared with 
the lower-frequency ones, the former can be amplified before modulation 
to a greater extent than the latter without the danger of overmodulation 


/ y 

V , ' ‘3 

(c) x 

Fig. 12-20. Modulation of a 
strong unmodulated carrier by 
a weak a-m carrier. 
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occurring. With a device built into each receiver to provide deemphasis, 
the interference due to tube and circuit noises upon the weak h-f tones 
would be considerably lessened. This system is not used with a-m trans- 
mission since interference with adjacent channels would be increased and 
the detector would tend to clip more with the high degree of h-f modula- 
tion. Furthermore, many existing receivers would need to be fitted 
with a deemphasis device. The system is used, however, with f-m 
transmission. 

However, a-m stations do follow the helpful practice of operating with 
as near 100 per cent modulation as practicable. The high-volume pas- 
sages are lowered in intensity, those of low volume raised in intensity. 
The resulting compression should be compensated for in the receiver but 

usually is not. There is therefore some 
unnaturalness in the rendering. 

A system of modulation which would 
yield signals that would be unaffected by 
static and by weak interfering modulated 
signals is fairly well realized in angle 
. . A . .. xxl modulation. In Fig. 12-21 a desired un- 
angle modulation. modulated carrier is represented by vector 

x rotating at o> x radians per sec, while the 
vector y representing an undesired carrier, on the same channel but with 
slightly higher frequency co y , rotates about the tip of x at the small differ- 
ence frequency u y — co x radians per sec. The resultant vector R deviates 
from the length and position of vector x, and this shows that R is both 
amplitude- and angle-modulated. Now a receiver designed for angle 
modulation can be made insensitive to amplitude changes by means of a 
so-called limiter, and so we need concern ourselves only with the effect of 
the angle modulation. As the tip of vector y describes a circle through 
points A, B , C, and D, the value of u R — o> x passes through a cycle of 
values of 0 at A, a maximum positive value of (oo y — a ) x )y/ (x + y) at B , 0 
again at C, and a minimum (negative maximum) of (co y — co x )y / ( x — y) at 
D . This cycle of values repeats (<a y — co x )/2x times each second. The 
greatest deviation in u R — co x is the one occurring at D . The maximum 
drift in carrier allowed by FCC regulations is 2000 cps. If we suppose the 
magnitude of the undesired signal y is as great as one-half that of the 
desired signal x and the difference in carrier frequencies is 2000 cps, then 
the greatest frequency deviation is 2000 cps, occurring 2000 times each 
second. If the desired carrier is fully modulated to a deviation of 75,000 
cps, then the interfering modulation will be about as strong as the 
desired one. This is not as bad an interference as would result for a lesser 
deviation than 75,000 cps, and hence we see the importance of using a 
high deviation. Since the interfering signal is seldom as strong or the 



A 

Fig. 12-21. Two unmodulated 
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carrier drift as great as suggested in the example, this type of interference 
is not very troublesome. 

At one time it was believed that varying the frequency only a small 
amount at an audio rate would cut down interference by lowering the 
operating bandwidth, but as we shall see in the next article, the band- 
width even then is very wide, and no hope lies in that direction. How- 
ever, with a receiver insensitive to amplitude changes and with a large 
frequency deviation made at an audio rate together with preemphasis for 
the higher audio frequencies, a very successful, relatively interference- 
free communication system is possible. 

12-13. The Frequency Spectrum of an Angle -modulated Wave. From 
Eq. (12-6) we can write the equation for an angle-modulated voltage as 

e = E km cos (oikt + m sin u s t) (12-50) 

This equation can equally well represent either a frequency- or a phase- 
modulated wave since the difference in phasing between expressions 
(12-50) and (12-7) is unimportant. For frequency modulation m — rtif 
= KfE sm /w s , while for phase modulation m = m p = K p E 8m . In either 
case m is the maximum deviation in phase angle from the normal value 
02 kt or the ratio of the maximum frequency deviation Ato OT to the audio fre- 
quency co fi . It is perhaps well to write 

m = Acf) m radians = ^ (12-51) 

Js 

The constant K / for an f-m transmitter is usually expressed in a prac- 
tical way by giving the value of K s / 2tt in kilocycles per second deviation 
per signal volt. This makes it convenient to determine the maximum 
deviation for a given audio signal. The relation follows because K f / 2 k — 
rriffs/Esm = 4 fm/E am kc per volt. 

It should be noted that in an f-m system, if the voltage E sm is made 
proportional to frequency, the result produced is a phase-modulated wave. 
Likewise in a phase-modulation device, if the value of E sm varies inversely 
with frequency, the result is frequency-modulated. No matter which 
system is used, if m is the same, the result is the same. 

To find the frequency spectrum of this wave, which obviously is not 
sinusoidal since its phase angle does not vary linearly with time, we may 
expand in the form 

e = Ekm [ cos 02 k t cos (m sin oi s t) — sin 03 k t sin ( m sin u s t)] (12-52) 

The waveforms of cos (m sin c c s t) and of sin (m sin oi B t) are also not sinusoi- 
dal since the angles do not vary linearly with time. However, these wave- 
forms are periodic since their values repeat when c c s t increases in value by 
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2ir. Therefore, we can expand these expressions by means of a Fourier 
series. These expansions can be found in books on advanced calculus, 1 
and we can write 

cos ( m sin u> 8 t) — J Q (m) + 2 J 2 (m) cos 2 w s £ + 2 J 4 (m) cos 4 <a s t + * * * (12-53) 
and 

sin (m sin c o s t) = 2Ji(m) sin c c a t -T 2J z (m) sin 3 <a s t + * • • (12-54) 

where J n (m) is a Bessel function of the first kind and order n and defined 
by an infinite series in powers of m. This series itself is not important to 
i.O 

JnM 

0.8 


0.6 


0.4 


0.2 


0 


- 0.2 


- 0.4 

us at this point since the coefficients can be evaluated from graphs of these 
Bessel functions given in Fig. 12-22. 

It now follows that we can complete the expansion of e begun in Eq. 
(12-52). 

e = E km cos u k t[Jo(m) + 2 J 2 (m) cos 2c c s t + 2 J A (m) cos 4c o s t + • • •] 

+ E k m sin co k t[2J i (m) sin co s t + 2 J$(m) sin 3co s t + 2 J 5 (m) sin 5oj,t 

+ • ‘ 1 (12-55) 
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By using the identities 

-2 sin x sin y = cos (x + y) - cos (x - y) 

2 cos x cos y = cos (x + y) + cos (x — y) ' ' 

we obtain 

C km {J 0 (m) cos o) k t 

— Ji(m)[cos + (a a )t — cos (co* — co fi )fl 
+ </ 2 (w)[cos (c o* + 2o) s )t + cos — 2c o s )t] 

- Jz{m )[ cos (co* + 3co a )2 — cos (co* — 3co,)2] 

+ • ■ •} (12-57) 

Equation (12-57) shows that the spectrum of e consists of a carrier and 
an infinite number of sidebands, all spaced co s apart. The amplitude of 
the carrier and of each sideband depends upon the modulation index. 

The carrier and the important sidebands constitute the transmission 
band, and it is important to learn the bandwidth. This may be easily 
done if we examine Fig. 12-22, which shows graphically several of the 
Bessel functions. For m = 1, when the frequency deviation equals the 
modulating frequency, we see that /o(l) = 0.76, Ji(l) = 0.44, J 2 (l) = 
0.11, while J 3 ( 1 ) is very small. This means that if the unmodulated car- 
rier is taken as unity, then with a modulation index of 1 the carrier has ail 
amplitude of 0.76, and the first pair of sidebands (frequencies cojt ± co s ) 
has amplitudes of 0.44; for the second pair of sidebands (frequencies 
c ok ± 2o) s ) the amplitudes are 0.11, while higher-order sidebands are of 
negligible amplitudes. Thus the bandwidth is approximately 4co s . If 
we arbitrarily take a value of J„(m ) > 0.1 as denoting an important band, 
we see that for m — 2, BW = 2 X 3 <a a = 6« s and for m = 3, BW = 2 
X 4co s = 8ov For m — 10, BW = 2 X llw 8 — 22co a . These examples 
furnish a rough rule that the bandwidth is 

BW = 2 (m + l)co s radians per sec = 2 (m + l)/ s cps = 2(A/ m + / s ) cps 

(12-58) 

Thus the bandwidth is somewhat more than twice the maximum fre- 
quency deviation. 

For frequency modulation m f is inversely proportional to frequency, 
and hence A f m ( = rnf s ) is independent of frequency. Therefore, the 
bandwidth is approximately the same for all modulation frequencies 
(equal voltages). However, in the case of phase modulation, m p is 
independent of frequency, which makes A f m and bandwidth vary linearly 
with the modulation frequency. 

Suppose that the audio signal applied to an f-m transmitter contains a 
500-cps component of 1-volt amplitude and a 10,000-cps component of 
amplitude 0.1 volt. Assume the constant of the transmitter is 75 kc per 
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volt. Then for the 500-cps component, A f m = 75 X 1 = 75 kc, m f = 
150, and BW = 2 (A f m + /,) = 2(75 + 0.5) = 151 kc. For the 10,000- 
cps component, A f m = 75 X 0.1 = 7.5 kc, m f = 0.75, and BW = 2(7.5 
+ 10) = 35 kc. If the same audio signal is applied to a phase-modula- 
tion transmitter to give the same maximum allowable frequency deviation 
of 75 kc, it is found by trial that the higher-frequency component deter- 
mines the modulation indexes that can be used. For the 10,000-cps 
component, m p = A f m /f 8 = 7 %o = 7.5, BW = 2(75 + 10) = 170 kc. For 
the 500-cps component, m p is 10 times greater because E 8m is 10 times 
larger; m p = 75. Now A f m = 75 X 0.5 = 37.5 kc, and BW = 2(37.5 + 
0.5) = 76 kc. 

An examination of the results of these two methods of modulation 
shows that for frequency modulation the amplitude of the small 10,000- 
cps component could be preemphasized 10 times before modulation in 
order to take advantage of the full 75 kc deviation permitted and without 
exceeding the allowable 200-kc bandwidth. This would greatly improve 
the signal-to-noise ratio in the output of the receiver. Of course, the pre- 
emphasis factor 10 suggested here would not always apply. No such 
preemphasis of the small h-f audio components is possible for the case of 
phase modulation. This explains why frequency modulation is preferable 
to phase modulation as a form for the transmitted wave. 

Because a very wide band is used for angle modulation, there is a prob- 
lem in tuned-circuit design unless the carrier frequency is made very high. 
For this reason it is common practice to use near 90 Me and above as car- 
rier frequencies for angle-modulation systems. 

12-14. Preemphasis. In order to increase the relative energy in the 
high a-f spectrum to take better advantage of the 75 kc allowable devia- 
tion and thus better to outweigh the effects of tube and circuit noise, it is 
customary to build into the transmitter a preemphasis device and to pro- 
vide for each receiver a corresponding deemphasis. 

A circuit to provide preemphasis has a characteristic 

i = si 1 + (s) (12_59) 

where E 2 /E 1 is the ratio of output to input voltage and wo is a constant 
chosen on the basis of experience as being a satisfactory value. The value 
now used in the United States for carrier frequencies near 100 Me is 2100 
cps for/o. This results in E 2 /E 1 being y/2 at 2100 cps and 10 at 21,000 
cps. The effect on lower frequencies is much less; for 1050 cycles it is 
only 1.1. 

12-15. Frequency Modulation Using a Reactance Tube. Probably 
the simplest way of producing an f-m wave is to vary the capacitance or 

the inductance of the frequency-determining tank of the oscillator. This 
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can theoretically be done directly by using a condenser microphone or by 
having a phonograph needle move a capacitor plate or one coil of a 
mutual-inductor pair. A considerably more satisfactory method, how- 
ever, is to use a variable-reactance tube in parallel with the tank. This 
tube can act either as a variable capacitance or as a variable inductor, and 
hence the same results can be obtained. 

Figure 12-23 shows one form of reactance tube connected in parallel 
with the tank of a Hartley oscillator. The circuit to the right of the 
capacitor C i acts like a capacitor in parallel with C±. Figure 12-24a is the 
equivalent circuit for the reactance tube alone, with the tank voltage E 


Blocking capacitors 



Fig. 12-23. A reactance tube modulating a Hartley oscillator. 



Fig. 12-24. Equivalent circuits for a reactance tube. 

applied to it. The path through the supply of E bb is omitted because of 
the r-f choke. The a-f transformer below R is used to introduce the 
audio-signal voltage. The secondary is bypassed by a capacitor of small 
reactance to r-f currents. The transformer is omitted from the equiv- 
alent circuit, which involves only r-f currents in the present discussion. 
At the oscillation frequency let us suppose that. 


Then 

and 


(12-60) 

CdC 2 Qm 

lx « jbiCi E (12-61) 


E g = juRC-JL 

I = Ii + Ip = juC, E + E + 

T P 

= jwC 2 E -f f- joigmRCiH 
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(12-62) 

joAE + E 

T p 


(12-63) 




376 


ENGINEERING ELECTRONICS 


If an audio-signal voltage is introduced in series with E CC) the bias on 
the grid will rise and fall slowly (relative to the r-f variation). The tube 
parameters will vary with the bias. The first current component in 
(12-63) will be constant, however. The second will vary as r v changes, 
and, being in phase with E, it will cause the amplitude of the oscillations 
to change. With r v remaining very high (for a pentode), however, this 
current component and the amplitude modulation it causes are very small. 
The third component varies with the value of g m , and since it leads E by 
90°, we see that the reactance-tube equivalent circuit can be reduced to 
that of Fig. 12-246, where the other two shunt paths have been neglected. 

Now the angular frequency of oscillation for the Hartley oscillator is 
approximately 


1 = 1 

vlc ~ vw^+izm 


(12-64) 


The steady effect of the average value of g m times RC 2 is of no conse- 
quence since it can be compensated for by adjustment of Ci. However, 
g m is cyclic at the modulating frequency. The effect of this on co can be 
computed as follows: 

With no modulation, co = co 0 . With modulation 


where 

Hence 


dco = 


11 dC _ 1 dC 
2 y/LC c ~ 2 “° C 


dO = d{C i QmRC?) — 0 -f- RC 2 dg, 


. 1 rc 2 , 

to = — g "° —q~ dg* 


(12-65) 

( 12 - 66 ) 

(12-67) 


If g m varies linearly with e s , 


and 


dg m — — kEam cos C C 8 t 


, 1 RC 2 7 „ 

dC0 — ^ 030 COS C Ogt 


( 12 - 68 ) 

(12-69) 


where h depends upon the curve of variation of g m with e c . We see by 
Eq. (12-69) that the frequency changes linearly with the modulation and 
hence frequency modulation takes place. 

An example may be helpful. Suppose it is desired to frequency- 
modulate a 90-Mc carrier with a deviation of 72 kc 5000 times a second. 
It is impractical to operate a reactance tube at this high radio frequency, 
and so we may use a series of frequency multipliers as shown in the block 
diagram of Fig. 12-25. These frequency multipliers are class C ampli- 
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fiers, which have high amplitude-distortion components, and the plate 
tank is tuned to the harmonic desired. The nonlinear gain characteristic 
is not objectionable since any variation of the amplitude of the output is 
of no importance. 



3mct!2kc I 2 me 


Fig. 12-25. A reactance-tube frequency-modulator system with a frequency stabilizer. 


Let us suppose the oscillator and the reactance tube to be those of Fig. 
12-23 and the latter tube to be a type 6SJ7. Figure 12-26 shows a graph 
of g m vs. e c for this tube. If we choose E cc = —3.5 volts, it is seen that 
g m will vary fairly linearly with e s (which is an a-f e g ) according to the 
equation g m = (1400 + 430E sm cos 
c o s t) X 10 -6 mho, and the maxi- 
mum change in g 7n will be 430 X 
10 ~ 6 E em . Hence from Eq. (12-67) 
we can write 

rfco = l 0,0 E sm X 430 X 10- 6 

(12-70) 

In the reactance-tube circuit let 
us assume some values. Since 
1 /g m = 1/(1400 X 10 -6 ) = 714 ohms, 
we can assume [see relation (12-60)] 

R = 10,000 ohms. 1/c o 0 C 2 should 
be much greater than R , and we 
can assume a value of, say, about 
100,000 ohms, making 0 2 = 3 iifii. C = 200 nyi should be a suitable value. 

Continuing from Eq. (12-70), we can solve for the necessary value of 
Esm to produce a frequency deviation of 4 kc (see Fig. 12-25) ; thus 

_ 2 do>C X 10 6 _ 2 X 2tt X 4000 X 200 X 10~ 12 X 10 6 

*' sm 430cooC 2 # 430 X 2x X 5 X 10 6 X 3 X 10“ 12 X 10,000 

^ 0.025 volt (12-71) 



Fig. 12-26. Variation of g m with grid bias 
for a 6SJ7. 











378 


ENGINEERING ELECTRONICS 


The oscillator which produces the f-m waveform cannot be crystal- 
controlled, and hence its carrier is too unstable to satisfy the legal require- 
ments unless some sort of stabilizer is used. In Fig. 12-25 is shown the 
diagram of one form of stabilizer. The somewhat unstable 15 Me output 
of the first frequency tripler is fed into a heterodyne mixer along with the 
very stable output of a crystal-controlled oscillator operating at some 
fixed frequency, say 12 Me. The output of the mixer is 3 Me plus or 
minus the unstable variation in the carrier, along with a 12-kc frequency 
deviation caused by the signal. The discriminator, which is to be studied 
later (Art. 12-19), is tuned to 3 Me, and as long as the input frequency is 
centered at this value, the discriminator output will be 5000 cps, the 
audio modulation, but with zero d-c component. However, if the carrier 
frequency wavers from 3 Me, the discriminator output then contains a 



Fig. 12-27. Block diagram of an f-m transmitter using phase modulation. 


d-c component with polarity depending upon whether the carrier fre- 
quency is too high or too low. A filter removes the a-f variations from 
the discriminator output, and the remaining direct voltage is applied as a 
bias in series with E cc to the reactance-tube grid, its effect there being to 
change the average g m enough to retune the oscillator nearer 5 Me. 

12-16. Frequency Modulation by Means of Phase Modulation. 
There are numerous methods by which the phase of a carrier can be 
shifted at an a-f rate. If then a carrier is generated under the control of a 
crystal and its phase advanced or retarded in accordance with the magni- 
tude of a signal voltage, a phase-modulated wave is produced. 

Equation (12-57) gives the frequency spectrum of either a frequency- or 
a phase-modulated voltage. It was pointed out that m p is constant rela- 
tive to signal frequency while W/ varies inversely as the signal frequency. 
With this sole difference between the two it is easy to predistort the audio 
input to the phase shifters of the preceding paragraph in a manner to 
make the a-f voltage vary inversely as co s , and then the r-f output of the 
shifter is frequency-modulated. Figure 12-27 gives a block diagram of 
this method. The limiter is discussed in Art. 12-18. It is used here to 
remove the effects of any amplitude modulation that may occur in the 
phase-shifting process. Since the phase shifter can usually vary the 
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phase only a small amount compared with that desired in the output, the 
modulation process is carried out at a frequency much lower than the 
transmission frequency. Frequency multipliers then raise the carrier 
frequency and at the same time increase the frequency deviation in the 
same proportion. It should be noted that frequency multiplication does 
not change the frequency separation between the sidebands, which 
depends upon the rate at which the frequency change in the r-f voltage 
was made, i.e., upon the audio frequency, and this is not altered by fre- 
quency multiplication. 

12-17. F-M Receivers. Frequency-modulated receivers are usually of 
the superheterodyne type and are quite similar to those used for the recep- 
tion of a-m signals. There are a few points of difference, some of them 
very important. 



Fig. 12-28. A block diagram of an f-m receiver. 


First, the freedom from interference means that much weaker signals 
can be successfully handled. Thus in the better receivers the i-f gain is 
usually much greater than for an a-m receiver. Since with increased gain 
comes more danger from positive feedback, it is common to use two inter- 
mediate frequencies because feedback of a different frequency does not 
result in oscillation. Thus two frequency converters may be used; part 
of the i-f amplification can take place at one frequency and part at 
another. 

Second, the very great bandwidth of up to 200 kc makes it impossible 
to use the ordinary 456-kc intermediate frequency as in amplitude mod- 
ulation (broadcast) . It is usual to use near 5 Me for this purpose. Then 
a 200-kc bandwidth would be similar to an a-m bandwidth of about 20 kc, 
which is not too difficult to obtain. 

Third, the freedom from interference depends partly upon making the 
receiver insensitive to amplitude changes. The f-m receiver therefore 
has incorporated in it a limiter for producing a limiter output voltage of a 
constant amplitude. 

Fourth, the f-m receiver needs a discriminator, which gives an a-f out- 
put corresponding to deviations in the radio frequency. 

Figure 12-28 shows a block diagram of an f-m receiver. 
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12-18. Limiters. There are several types of amplitude limiters. 
Many of them are essentially triodes or pentodes operating with low bias 
voltages and with a high grid drive. On the negative grid swings the 
plate current cuts off, and on the positive swings it saturates. 

A common type of pentode limiter which differs somewhat in its action 
from the above is shown in Fig. 12-29. The action depends upon the grid 
bias produced by the grid-current flow through R g and is illustrated in 

Fig. 12-30a. The values of plate and 
screen biases are low so that the 
control-grid voltage required for 
plate-current cutoff is small. With a 
large r-f grid signal applied as with 
cycle 1, the grid voltage swings just 
enough in the positive direction to 
make the grid bias R g I ca almost equal to the peak value of the r-f voltage. 
For an r-f wave of greater amplitude the situation is shown by 2, where 
the grid swing is slightly more positive to make the grid bias greater. Also 
shown are pulses of grid and of plate current under each circumstance. 

Let us observe the enlarged drawing in Fig. 12-306, in which the plate- 
current pulses for cycles 1 and 2 are superimposed for comparison. As 
shown by the timing wave cos <Okt , each current pulse has a duration con- 




Fig. 12-30. Waveforms of e c , i e , and ib for the limiter. 


siderably less than 180°; that for wave 2 is higher but of shorter duration 
than that for wave 1. The fundamental component of current is given by 

2 r%v 2 f 2 * 

I p x m = 2 ^ J COS c Okt d(co&£) ~ 2^ j c?(co&£) (12-72) 

since the cosine is near unity during the period when current flows. The 
last integral is the area under the current wave, and as both pulses tend 
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to have nearly the same areas, the fundamental current through the plate 
load is about the same in both cases. 

12-19. Discriminators. The circuit for a commonly used type of dis- 
criminator is illustrated in Fig. 12-31. An analytical explanation of its 



action is quite involved, and we shall proceed with a graphical one. The 
limiter tank and the transformer secondary are each tuned to the inter- 
mediate frequency. The output voltage Ei across the limiter tank is 
frequency-modulated and is centered 
at the intermediate frequency. 

When the frequency of E x is 
exactly at the center value, the 
nature of the output voltage e c can be 
determined as follows : Ii = Ei/jcoLi. 

The voltage induced in the secondary 
with positive sense upward is E' = 

— juMIi = — (ikf/Li)Ei. The react- 
ance of the r-f choke is large com- 
pared with Xc 2 , and we assume, 
therefore, that the current 1 2 flows 
through C 2 and is in phase with E' 
because of resonance. Hence E 2 , the 
voltage drop across C 2 , lags E' by 90° 
and leads voltage Ei by 90°. The 
r-f voltage E A applied to diode A is 
Ei + 3 ^ 2 E 2 if the capacitors C 1 , C 3 , 
and C 4 are chosen to have small 
reactances at this frequency. Like- 
wise the voltage E B applied to diode 
B is Ei — 3 ^E 2 . These quantities 
Ei, E', I 2 , E 2 , E A} and E B are drawn in 
vector form in Fig. 12-32a. Since the r-f voltages E A and E B have like 
amplitudes, the two diode currents have equal average values and the 
direct voltages across Rs and are equal in size but opposite in sense. 



UJ < (x> k 

Fig. 12-32. Vector diagrams 
discriminator. 
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Hence there is no voltage developed between the output terminals, and 
e Q = 0. 

Let us next consider the situation when a> is greater than the inter- 
mediate carrier frequency co fc . The expression for I x still holds, and E' = 
— (M /Li)Ei as before. However, the secondary circuit is now inductive, 
and hence I 2 lags E' by some angle 6. 0 depends upon the amount by 

which co exceeds co& and upon the Q of the secondary circuit. It follows 
that E 2 , the voltage drop across C 2 , lags E' by an angle 90° + 0. We can 
now determine the E A and E B vectors as shown in Fig. 12-326. Since E A 
exceeds E B in amplitude, it follows that e 0 is now positive. 

When co is less than co fc , it can be shown that I 2 leads E' by an angle 0 
and the vector diagram of Fig. 12-32c applies. Now E B exceeds E A in 
amplitude, and as a consequence e Q is now negative. 

The variation of e Q is at the modulation frequency, and if correct cir- 
cuit adjustments are made, e Q is a good reproduction of e s . 

It should be noted that if E x is not modulated but its frequency varies 
from c Ok because of oscillator instability, the discriminator circuit gives a 
direct output voltage proportional to the amount of this variation and of 
polarity dependent upon whether the frequency is too high or too low. 
This is the application of the discriminator noted in the discussion of the 
frequency stabilizer in Art. 12-15. 
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PROBLEMS AND QUESTIONS 

1. A carrier voltage has a peak amplitude of 10 volts and a frequency of 1 X 10 6 
cps. (a) The amplitude of the r-f voltage is modulated by a sinusoidal 1000-cps signal 
to make the amplitude of the r-f wave vary between 7.5 and 12.5 volts. Write an 
equation for the modulated wave. Determine m a . (b) The frequency of the r-f wave 
is varied sinusoidally between 0.925 and 1.075 Me, 1000 cps. Write an equation for 
the modulated wave. Determine the maximum phase shift and m f . ( c ) The phase 
of the r-f voltage is shifted sinusoidally from 75 radians leading to 75 radians lagging 
1000 cycles each second. Write an equation for the modulated voltage. Determine 
the maximum and minimum frequencies and m v , 

2. The modulation processes of Prob. 1 are carried out using the same devices but 
with a 1000-cps modulating voltage of half the former amplitude. Determine m a , m f , 
and m p . 

3. The modulation processes of Prob. 1 are carried out using the same devices and 
with a modulating voltage of the same amplitude but of frequency 500 cps. Deter- 
mine m a , nif, and m v . 

4. An antenna is supplied with 2160 watts of r-f power, 40 per cent amplitude- 
modulated. Determine the carrier power and the sideband power. 

5. Show that there is a reduction in the d-c magnetization of the core of the modula- 
tion transformer of Fig. 12-5 if the marked polarity is used. 

6. Draw the circuit diagrams for a plate-modulated class C amplifier using two 
parallel triodes and a push-pull triode modulator. 

7. In the circuit of Prob. 6 all tubes are identical, and each has an allowable plate 
dissipation of 1 kw. If the plate efficiency of the class C tubes is 75 per cent, of the 
class B modulator tubes 60 per cent, and of the modulation transformer 75 per cent, 
what total r-f power, modulated 50 per cent, can be obtained from the class C amplifier? 

8. The modulator in Prob. 7 is changed to class A push pull with 25 per cent plate- 
circuit efficiency. What r-f power output is now available? 

9. In a certain transmitter the required plate-to-plate load for the push-pull 
modulator is 1600 ohms. The value of Ebb for both the modulator and the class C 
stage is 2000 volts. With grid excitation applied to the class C amplifier but with no 
modulation, the source of E bb supplies 2.5 amp to the class C amplifier. What turns 
ratio should be used for the modulation transformer? 

10. A square-law triode has the carrier voltage applied in the grid circuit, the 
modulating voltage applied in the plate circuit. The plate tank is tuned to the car- 
rier frequency. Prove that the tank voltage is amplitude-modulated. 

11. For the balanced modulator of Fig. 12-12, ei = Ekm cos wt and e 2 = E am cos to 8 t. 
Determine the frequencies present in the output e$. 

12. Resketch the circuit of Fig. 12-13 to make a converter circuit. Use a Hartley- 
type oscillator with cathode, grid 1, and grids 2 and 4 used as cathode, grid, and plate, 
respectively. The oscillator plate operates at r-f ground potential. 

13. The circuit of Fig. 12-13 is operated with E bb — 250 volts, E cc2 = E cci = 100 
volts, E cc z = —2.0 volts. R g = 20,000 ohms. The local oscillator voltage is adjusted 
to a value which makes the grid 1 direct current 0.5 ma. (a) If a carrier voltage of 
0.1 volt is applied to grid 3, what is the i-f component of the plate current (use a tube 
manual)? (6) The carrier voltage to grid 3 rises to 0.2 volt, and AYC action shifts 
the bias of this grid to —6 volts. What is the new value of the i-f component of plate 
current? 

14. Draw the circuit for a square-law modulator used as a detector of a-m signals. 
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Specify the type tube to be used, the bias voltage values, and the character of the 
load-impedance elements. 

16 . A certain diode detector circuit is like that of Fig. 12-19 except that the 50- 
kilohm resistor is omitted, a 100-kilohm volume control is used, and the AVC-filter 
resistor is 100 kilohms. The single diode is type 7A6. Use a tube manual, (a) 
Draw the d-c- and a-c-load lines. ( b ) For an r-f signal e x ~ 15 \/2 (1 + m a cos 2tt 
X 1000/) cos 2i v X 10 6 Z determine the greatest allowable value of m a to avoid nega- 
tive-peak clipping, (c) For this value of m a determine the greatest a-f voltage output 
to the next amplifier grid. ( d ) Determine the direct voltage available for automatic 
volume control. 

16 . Compute the approximate value of R- lu for the circuit of Fig. 12-19 if e x is 50 per 
cent modulated. Note that the d-c and a-c loads are unequal. 

17 . e = 10 cos (27 r X 10 8 Z + 20 cos 2 tt X 10 3 Z). (a) What is the maximum phase 

deviation? ( b ) What is the maximum frequency deviation, and at what rate does it 
deviate? (c) What is the bandwidth? 

18 . An audio signal consists of a 10-volt 1000-cps component and a 0.5-volt 5000-cps 
component, (a) Determine m for each component if phase modulation is used with 
a maximum frequency deviation of 75,000 cps. Find the bandwidth, (b) Repeat, 
using frequency modulation. What preemphasis factor can be used for the 5000-cps 
component without increasing the total bandwidth? 

19 . The voltage e in Prob. 17 is applied to the input of a heterodyne frequency 
converter. The local-oscillator frequency is 45 Me. If the plate load is tuned to 
give an output voltage lower in frequency than that of e, what is the form of the equa- 
tion for this output voltage? 

20 . The voltage e in Prob. 17 is applied to the input of a frequency doubler, (a) 
What is the form of the equation for the output voltage? (b) What is its bandwidth? 
( c ) Is the side-frequency separation affected? 

21 . In Fig. 12-23 the positions of R and C 2 are interchanged. Show that the action 
of the reactance tube is that of a variable inductor. State the simplifying assump- 
tions needed to obtain this result. 
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CONDUCTION THROUGH GASES 

13-1. Introduction. Thus far most of our discussions have treated 
tubes as though the vacuum were perfect. However, it is physically 
impossible to remove all the gas from within the tube envelope; in prac- 
tice enough can be removed so that the residual has negligible effect on 
the tube characteristics. We call such tubes high-vacuum tubes. The 
pressures encountered in them may be as low as or even lower than 10~ 7 
mm Ilg (normal atmospheric pressure at sea level is measured as 760 
mm Hg). 

There are other types of electronic tubes in which the gas pressures are 
high enough so that the electrical characteristics are entirely different 
from those of the high- vacuum types. The pressures encountered in such 
tubes may range from several atmospheres (high-pressure arc lights) down 
through pressures of about 10 cm Hg (neon signs, fluorescent lights, and 
tungar rectifiers), on down through 0.1 mm Hg (mercury-arc rectifiers, 
thyratrons, and ignitrons), and finally to the low pressures encountered 
in high- vacuum tubes. 

Our first discussion will concern the electrical characteristics of an 
electronic tube as the pressure is increased from that in a high-vacuum 
tube to that encountered in mercury arcs, thyratrons and ignitrons. We 
shall then take up the reasons for these characteristics. 

There is always some ionization of the residual gas in a high- vacuum 
tube. In the normal high-vacuum diode the principal effect is to cause 
positive-ion bombardment of the cathode, which under certain circum- 
stances may damage the emitting surface. If a small additional amount 
of gas were admitted to a high-vacuum thermionic diode, its characteris- 
tics would be considerably changed. The gas molecules would tend to 
interfere with the free passage of the electrons from the cathode to the 
anode. The collisions between the electrons and the molecules of the gas 
would result in an increased production of positive ions. These positive 
ions, being in the midst of a host of electrons, would tend to counteract 
the effects of the space charge. This would result in an increased anode 
or plate current for a given plate voltage. A second effect would be an 
increased bombardment of the cathode by the positive ions. Third, 
there would be a decrease in the inverse-peak voltage that the tube could 
withstand. 


385 


386 


ENGINEERING ELECTRONICS 


If the gas pressure were now gradually increased, these effects would 
become more pronounced. A point would finally be reached where there 
would be breakdown into a visible glow. The anode voltage would then 
be found to be constant at some low value and independent of the anode 
current. Thus the characteristics of such a tube are entirely different 
from those of a high-vacuum type. 

13-2. Types of Gaseous Discharges. Three types of electrical dis- 
charges are encountered in gaseous tubes. The first, which usually emits 
no visible glow, is called a Townsend discharge and is characterized by a 
rather high voltage drop across the tube and a very small current flow 
(usually less than a few microamperes). It occurs in cold-cathode tubes 
and is the phenomenon which may lead to the second type. The latter 
is the glow discharge, which is characterized by a somewhat larger current, 
usually ranging from a few milliamperes up to hundreds of milliamperes. 
The tube drop, which is fairly constant for a given tube, may range from 
about 75 volts up to a few hundred volts. The third type is the arc- 
discharge. This type is characterized by currents which may range from 
a few milliamperes up to hundreds and even thousands of amperes. The 
tube drop will again be fairly constant and may range from about 7 volts 
up to about 50 volts. 

13-3. Physical Properties of the Atom. 1 In order better to understand 
the reasons for the characteristics of gaseous tubes, we shall review a few 
of the physical properties of the atom. As explained in Chap. 2, an atom 
consists of a positive nucleus about which electrons are revolving in orbits. 
The more energy an electron has, the larger the radius of its orbit. Also, 
an electron never goes from one orbit to another without either absorbing 
or giving up energy. In the lowest energy level, which is closest to the 
nucleus, there is room for 2 electrons; in the next higher level there is 
room for 8, room for 18 in the next, etc. Each level is able to accommo- 
date a certain maximum number and no more. In the normal atom each 
level is completely filled before any electrons appear in the next higher 
level. Thus in the normal atom all electrons are revolving in orbits as 
close to the nucleus as they can get, with the lowest-energy electrons 
closest to the nucleus. 

13-4. The Excited Atom. If the right amount of energy is given to 
one of the higher-energy electrons, it may leave its normal orbit and go 
to one of the higher-energy levels. This amount of energy is called a 
quantum. After arriving at the higher level the electron may remain 
there for a very short period of time. Such an atom, with one or more 
electrons raised to a higher than normal energy level, is said to be excited. 
The minimum amount of energy, expressed in electron-volts, needed to 
raise an electron up to a higher-energy state is known as the minimum 
excitation potential. Experiments and theory prove that this state can 
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exist for only about 1 X 10~ 8 sec, after which the excited electron must 
fall back to its normal energy level, giving up its added energy as electro- 
magnetic or light radiation. The wavelength of this radiation depends 
on the difference in the energy levels of the two orbits. It is this process 
which produces the visible light in a “neon” sign. 

Although the above situation is the usual one, some atoms appear to 
have certain energy levels to which electrons may be raised but from 
which they cannot return. Such an excited atom is said to be in the 
metastable state. The molecule containing this extra-energy atom floats 
about until perhaps it strikes some solid object, whereupon it becomes 
normal again and the energy releases an electron from the object or the 
energy is converted into heat. Or it itself may be struck by an electron 
and become ionized. In the latter case ionization has taken place 
because of two collisions, a phenomenon important in certain gas-tube 
characteristics. 

13-5. Ionization. The complete removal of an electron from an atom 
is known as ionization. The only way in which an electron can be 
removed from an atom is for it to obtain from some external source suffi- 
cient energy to carry it beyond any of the allowable energy levels. The 
amount of energy necessary to separate the highest-energy electron is 
known as the minimum ionization energy. That part of the atom which 
remains after ionization occurs is known as a positive ion. It has a 
charge equal to that of an electron, and hence it will be acted upon by 
other charged bodies and by electric fields. The mass of the positive ion 
is practically that of the original atom since the mass of the electron is 
negligible when compared with the mass of an atom. Negative ions also 
exist. In these an extra electron attaches itself to the orbital system of 
an atom. These negative ions apparently play a very minor role in 
gaseous discharge. 

13-6. Collision Processes in Gases. 2 When charged bodies in a par- 
tial vacuum are moving about because of an electric field, there are going 
to be collisions between the charged bodies and the gas molecules. 
Some collisions will not result in a transfer of energy, while others 
will. The first type is known as an elastic collision and the latter as an 
inelastic one. 

The frequency with which these collisions occur will depend upon the 
pressure of the gas, which in turn depends upon the number of gas 
molecules per unit volume. Since the electric field will accelerate any 
charged body, the energy of the collisions will depend upon the distance 
each charged body travels before it takes part in a collision. When an 
inelastic collision occurs, there are three possible results. First, the 
charged body may give up its kinetic energy to the molecule of gas, which 
in turn may merely acquire more kinetic energy; second, it may be excited ; 
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or, third, it may become ionized. When the latter action occurs to a 
sufficient extent, the gas breaks down into a visible glow discharge. 

The molecules of any gas have a random distribution in space, and a 
free electron may be located at any point in the gas. The distance each 
electron travels between collisions may vary from almost zero up to a 
high value. The average of the distances traveled by a great number of 
electrons is called the mean free path; it will vary with the gas pressure — 
the higher the pressure, the shorter the mean free path. If the field is 
strong enough so that an electron gains sufficient energy to cause ioniza- 
tion in traveling a distance near the value of the mean free path, then 
copious ionization occurs and the gas may break down into a glow dis- 
charge. If the energy is not sufficient, then the current through the tube 
will increase slightly but there will be no detectable glow. The small 
amount of ionization that does take place will be due to the few electrons 
which travel a distance greater than the mean free path and thereby 
acquire sufficient energy to cause ionization. It is therefore necessary to 
have a relatively long mean free path, or to use a very high anode voltage, 
in order to establish a gaseous discharge. However, there is a limit to the 
mean free path. If it becomes greater than the distance between elec- 
trodes, the chance for ionizing collisions becomes very small and the tube 
will act as a high- vacuum tube. On the other hand, if the mean free path 
is too short, the collisions occur before the electrons have attained enough 
energy to ionize the gas. 

13-7. Neutralization of Negative Space Charge by Positive Ions. One 

of the most important effects of ionization is the neutralization of the neg- 
ative space charge by the positive ions. If at any instant the number of 
positive ions in the interelectrode space is equal to the number of elec- 
trons, the net space charge is zero and the characteristics of such a tube 
will differ greatly from those of a similar tube with a high vacuum. 

Because of its larger mass the velocity of a positive ion is much lower 
than the velocity of an electron with the same amount of energy. This 
means that the positive ion will take a much longer time to travel a given 
distance than will the electron and hence will remain in the interelectrode 
space longer. As a result a relatively few positive ions can neutralize the 
space charge set up by a large electron current. 

In addition to the cancellation of space charge, the positive ions have 
an important effect on the walls of the tube and on the electrode surfaces. 
The positive ions may be attracted toward these surfaces and are neu- 
tralized when they strike them. Their excitation and ionization energies, 
as well as their kinetic energy, are given up there. This energy may cause 
heating of the surface, or it may be given off in some form of radiation. 
It may cause sputtering, which is the removal of small particles of the 
cathode surface. Or it may cause the removal of electrons from the sur- 
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face. At this point it might be well to mention that all the electrons caus- 
ing current flow through a gas tube must come from the cathode, or at 
least for every electron that enters the anode one must be given off by the 
cathode. In the case of the cold-cathode tube these electrons are given 
the energy necessary for emission by the bombarding positive ions. 
Hence the tube drop must be at least large enough to give the bombard- 
ing ions the necessary energy. As a result the drop across a glow dis- 
charge will be 75 to several hundred volts. 

13-8. Gaseous Discharges. 2 If a simple tube, such as pictured in 
Fig. 13-1, is constructed with two parallel plane electrodes, each a few 
centimeters in area and spaced a few centimeters from each other, and if 



Fig. 13-1. Circuit for obtaining the 
volt-ampere characteristic of a cold- 
cathode gas discharge. 



Fig. 13-2. Volt-ampere characteristics of a 
cold-cathode gas-discharge tube. 


a variable voltage is applied between them through a resistor, a current- 
voltage characteristic such as shown in Fig. 13-2 will result. In the region 
OA the current increases with increasing voltage but soon reaches a sat- 
uration value where the current remains essentially constant over a con- 
siderable range of voltages. This current is so small that an ordinary 
galvanometer cannot be used to measure it. Beyond point A' the current 
again increases with increasing voltage. The rate of rise soon becomes 
so great that the characteristic becomes practically a horizontal line. 
The tube will then break down into a visible glow discharge. The region 
between A 1 and B represents what is known as the Townsend discharge, 
which is of importance because it is the mechanism by which a glow dis- 
charge is initiated in cold-cathode tubes. 

At point C the tube has broken down into a visible glow. Between 
points C and D is the normal glow region, and here we see that the voltage 
is independent of the current. Between D and E the voltage across the 
tube increases with increasing current, and this is known as the abnor- 
mal glow region. At point E the tube breaks down into another type of 
discharge known as an arc which between F and G has the typical neg- 
ative-resistance characteristic. 

13-9. The Townsend Discharge. 3 Referring back to the region OA of 
Fig. 13-2 the question arises as to the source of the current which flows. 
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There are several possibilities. Any gas is in a state of partial ionization 
because of the bombardment of the gas molecules by cosmic rays. These 
rays originate somewhere in outer space and are continually bombarding 
the earth. They penetrate enormous thicknesses of most materials, and 
so it is practically impossible to prevent them from bombarding the gas 
molecules in a tube. Another possibility is the radiation from radio- 
active materials which may be present in very minute quantities in the 
electrodes or walls of the tube. Still another possibility is photoelectric 
emission from one of the electrodes. When voltage is applied to the tube, 
the free electrons, produced by one or more of the above processes, are 
attracted to the anode and hence result in current flow. However, this 
current is very small and soon reaches a saturation value. The move- 
ment of the electrons toward the anode and of the positive ions toward the 
cathode results in numerous collisions. But because of the low voltage 
applied no ionization by collision occurs. However, as the voltage across 
the tube is increased, the energies of the collisions increase, and a point 
will finally be reached where more positive ions and free electrons are 
produced. This results in an increased current and is the beginning of 
the Townsend discharge. As the voltage is increased still more, the col- 
lisions become more violent, resulting in an increased current. 

One important fact about this discharge is that if the primary source of 
electrons (cosmic rays, etc.) is removed, the discharge ceases. In other 
words, this Townsend discharge is not self -maintaining. Now if the volt- 
age of the battery in Fig. 13-1 is further increased, the current will finally 
increase very rapidly, the voltage drop across the tube will fall, and the 
region between the electrodes will emit a glow. It is interesting to 
examine the phenomena which are taking place. Let us suppose that 
a single electron is produced near the cathode, say by the action of a 
cosmic ray. The positive anode causes the electron to be accelerated, 
and if the gas pressure is high enough, the electron will collide with a gas 
molecule. For a Townsend discharge, the energy of this collision is suffi- 
cient to ionize the molecule, and thus one or more electrons are thereby 
freed to move on to the anode, perhaps colliding again and freeing more 
electrons, and so on. Meanwhile the positive ions remaining from these 
collisions progress toward the cathode, where they will eventually join 
with electrons on the surface to become neutral gas molecules again. 
They possibly collide with gas molecules on the way. If the energy of the 
moving ions is insufficient to knock free electrons from the cathode or to 
ionize molecules near the cathode surface, then it appears that cutting off 
the cosmic ray will end the discharge. On the other hand, suppose the 
energy of either type of collision is sufficient to free electrons which can be 
accelerated toward the anode. Then it is seen that the discharge perhaps 
C9)fl maintain itself* Whether this last action takes place or not depends 
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partly upon the value of anode voltage ; and thus as this voltage is raised, 
a self-maintaining discharge is finally attained and breakdown is said to 
have occurred. This breakdown point can be detected by the visible 
glow and by the sudden decrease in the anode voltage. 

13-10. Breakdown. 4 If the breakdown characteristic is studied in 
more detail, several interesting facts come to light. Figure 13-3 shows 
the breakdown voltage as a function of the gas pressure. At very low 
pressures this voltage is extremely high. For a perfect vacuum it would 
be infinite since there would be no gas present to support a discharge. As 
the pressure increases, the number of gas molecules per unit volume of 
interelectrode space also increases. There are, then, more collisions of the 
free electrons with the gas molecules, hence more ionization by collision 
and more current for a given voltage, 
lisions, each collision need not pro- 
duce as many free electrons; hence 
the breakdown voltage decreases. 

However, a point will finally be 
reached where the breakdown voltage 
will begin to increase with increasing 
pressure. This is because, with the 
high concentration of molecules in 
the tube, the mean free path is so 
short that the voltage applied to the 
tube must be increased in order to 
supply the necessary energy to the 
electron in its short travel. 

If the distance between the electrodes is decreased, the resulting break- 
down characteristic will be shifted horizontally with respect to the char- 
acteristic with larger spacing. This is shown by curves b and c in Fig. 
13-3. From a family of such curves it can be easily seen that the break- 
down voltage depends on the spacing between electrodes and the pressure 
of the gas. A third factor also governing the breakdown characteristic 
is the type of gas used. The breakdown voltages will differ among gases 
because of variation in the ease of removing electrons from the orbits, 
sizes of the gas molecules, etc. Another factor is the work function of the 
material used for the cathode, since all electrons must eventually be 
replaced by electrons from this source. 

13-11. The Normal Glow. 4 Referring back to the normal-glow region 
in Fig. 13-2, we see that the drop across the tube is almost constant for 
quite a range of currents. This means that the tube has no control over 
the magnitude of the current, which must therefore be limited by some 
means external to the tube. This is the purpose of the resistor R in the 
figure. Presuming the supply voltage high enough for breakdown, if 


With the increased number of col- 



Fig. 13-3. Breakdown characteristics 
for a cold-cathode gas diode with 
parallel plane electrodes at various 
spacings. 
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some means of limiting the current is not used, the latter will increase to 
such a high value that the tube will be damaged or even destroyed. 

If the potential distribution between the two electrodes is plotted, a 
curve such as shown in Fig. 13-4 is the result. Here it can be seen that 
most of the tube drop occurs in the neighborhood of the cathode. This 
is because all the current flowing through the tube must come from the 
cathode. Hence the positive ions bombarding the cathode must have 
enough energy to cause secondary emission. The distance from point A 
to the cathode is approximately equal to the length of the mean free path, 
and hence it is in this region that the ions acquire the needed energy. 

The region from A to the anode is called the positive column, and here 
the potential rises very slowly. The gradient is such that only enough 
ionizing collisions occur practically to cancel the negative space charge. 

If the anode is moved closer to the 
cathode, say to point B , the tube drop 
would fall slightly to a value approxi- 
mately equal to Eh*. In fact, as the 
anode is moved closer to the cathode 
the tube drop decreases very slowly 
until point A is reached. Here the 
distance between the electrodes be- 
comes less than the mean free path, 
and the glow will be extinguished and 
cannot be reestablished unless a higher 
voltage is used. From this discussion we see that the spacing has little 
to do with the tube drop but has considerable effect on the breakdown 
voltage. 

13-12. The Abnormal Glow. 4 If a cold-cathode gas tube is made to 
break down into a normal glow and then the current through it is varied 
by means of the external resistor, some very interesting observations may 
be made. At low values of current the glow occurs over only a small por- 
tion of the cathode surface, and as the current increases, the area of the 
glow likewise increases while the tube drop remains constant. However, 
a point is finally reached where the glow completely covers the surface of 
the cathode. If the current is increased beyond this point, the glow 
increases in intensity and the tube drop begins to increase slowly. This 
is known as the abnormal-glow region and is indicated by region DE in 
Fig. 13-2. As the current through the tube is increased still further, the 
tube drop increases at an increasing rate, until the rate of rise becomes 
almost infinite. 

13-13. The Arc Discharge. 4 As the tube drop increases in the abnor- 
mal-glow region, the heating of the cathode due to positive-ion bombard- 
ment likewise increases. A point may finally be reached where the cath- 



Fig. 13-4. Potential distribution in a 
cold-cathode gas diode with parallel 
plane electrodes. 
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ode gets hot enough to cause thermionic emission. When this occurs, the 
high potential gradient near the cathode is no longer needed to supply 
electrons; hence the tube drop falls to a value comparable with the min- 
imum ionization potential of the gas. This is an arc discharge and has 
the negative-resistance characteristic pictured in Fig. 13-2. 

The difference between an arc and a glow is mainly in the method of 
obtaining electrons from the cathode. In a glow they must be removed 



Fig. 13-5. Some common types of glow tubes. 


by positive-ion bombardment, and hence, in order that these ions can 
have sufficient energy, they must fall through a considerable potential 
difference. In the arc discharge the electrons are produced by some other 
method, possibly by thermionic emission, and hence the potential rise in 
front of the cathode is not needed. As a result the tube drop is much 
lower and only great enough to produce sufficient ionization to neutralize 
the negative space charge. 

13-14. Gaseous Diodes with Cold Cathodes. There are relatively few 
types of tubes which may be classified as cold-cathode gaseous diodes. 
Gas phototubes have light-sensitive cathodes and operate in the Town- 
send region (not a glow discharge). They are discussed in Art. 15-4. 
Possibly the most common gaseous diodes are the small glow lamps 
shown in Fig. 13-5. Either electrode may serve as a cathode, and hence 
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they are bilateral conductors. They find their chief use as night lights 
or as indicators for electrical circuits, although occasionally they are used 
as voltage regulators in circuits such as will be described later in this 
article. Since the voltage drop in the glow region (Fig. 13-2) rises very 
little with increase in current, external resistance must ordinarily be used 
to limit the current flow; otherwise the operation may progress into the 
abnormal glow or the arc regions with resulting damage to the tube. 
This protection is unnecessary if the current is of very short duration, as 
in the case of the discharge of a capacitor. Some of these small glow 
lamps have a current-limiting resistor in the base, since the voltage drop 
is less than 100 volts and they are to be used on 115-volt circuits. 

Another common type of cold-cathode gaseous diode is the voltage- 
regulator, or Y-R, tube. The cathode is a cylinder about % in. in diam- 
eter and 1 in. long. This cathode surrounds the anode, which is a straight 
wire along the axis of the cylinder. The tube is filled with one of the 
inert gases, usually argon, at such a pressure that the breakdown voltage 
is only a few volts greater than the drop across the tube after breakdown. 
In order to keep the breakdown voltage as low as practicable, a small wire 
projects out from the cathode to within a small fraction of an inch of the 
anode. The breakdown occurs between the end of this wire and the 
anode. When the current increases to about 5 ma, the glow transfers 
from this starter to the cathode cylinder. If the anode current is kept 

within the manufacturer’s rating, 
usually between 5 and 40 ma, the tube 
operates with a glow ranging from 
normal to somewhat abnormal and 
the tube drop remains almost constant. 
Such tubes are made to have drops 
of 75, 90, 105, and 150 volts. 

An example of a circuit for using 
a Y-R tube is shown in Fig. 13-6. 
Here the voltage of the d-c source may not be perfectly constant ; yet it is 
desirable to maintain the voltage applied to the load constant at 150 volts. 
Assume a 250-volt d-c source and a 5000-ohm load. The load draws a 
current of 150/5000 = 0.03 amp = 30 ma. If the circuit is so designed 
that normally a current of 20 ma passes through the Y-R tube, then the 
resistor R passes 30 + 20 = 50 ma. Since the source voltage is 250 volts 
and the load voltage is 150, the drop across R must be 100 volts. The 
value of R must then be 100/0.050 = 2000 ohms. Now, if the source 
voltage increases, say to 270 volts, the drop across the Y-R tube remains 
nearly constant, and hence the drop across R must increase. This 
requires an increase in the current through R y which means an increase in 
the current through the tube. Thus the fluctuation in source voltage is 
absorbed as increased 1R drop across the resistor. 
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Fig. 13-6. Circuit for a voltage 
regulator using a V-R tube. 



CONDUCTION THROUGH GASES 


395 


More complex circuits, using high- vacuum tubes along with V-R, tubes, 
can be designed to regulate currents or voltages within closer limits. 

13-15. Gas Diodes with Thermionic Cathodes. 5 A hot-cathode gas 
diode differs from a cold-cathode one in two ways. First, since the tube 
has a copious supply of free electrons, the tube has the characteristics of 
an arc and hence a low tube drop. Second, since the cathode emits elec- 
trons and the anode does not, the tube is unidirectional instead of bidirec- 
tional as is the cold-cathode tube. It may therefore be used as a rectifier, 
and here it finds its chief utilization. 

13-16. Thermionic Cathodes Used in Gas Tubes. The cathode in a 
thermionic gas tube is usually oxide-coated and may be either of the 
filamentary or of the indirectly heated 
type. The main difference between 
the cathodes used in gas and in high- 
vacuum tubes is that heat shielding 
may be used in the former. In a high- 
vacuum tube the electrons have rela- 
tively high velocities, and their motion 
is continuous; hence they travel in 
approximately straight lines. Any 
attempt to shield the cathode, in order 
to cut down on the radiation of heat, 
will cause space charge to build up and 
hence results in cutoff. On the other 
hand, conditions in a gas tube are such 
that many collisions occur between 
electrons and gas molecules. Hence the 
velocities of the charged particles are 
very low. The directions of their motions can then be along the flux lines 
of the electric field. Also, since the space charge is practically neutralized, 
the plate current is not cut off. 

Figure 13-7 is a drawing of a heat-shielded cathode. The cathode 
cylinder has several radial fins spot-welded to it. These fins in turn are 
spot-welded to another cylinder, which surrounds them. The cathode 
cylinder, the fins, and the outer cylinder are all coated with emitting mate- 
rial. These in turn are surrounded by two more bright nickel cylinders 
used solely to reflect radiated heat back into the emitting surfaces. Such 
a cathode may have an efficiency as high as 1500 ma per watt. However, 
the mass of a heat-shielded cathode is so great that it may require up to 
15 min for it to arrive at the proper operating temperature. 

Filamentary types of oxide-coated cathodes used in gas tubes are also 
heat-shielded, although not to such an extent as in the indirectly heated 
type. One example of the filamentary type might be a coated ribbon 
which is coiled into a helix and the whole structure surrounded by a cyl- 



Fig. 13-7. A heat-shielded cathode. 
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inder of polished nickel. Each turn of the helix acts as a heat shield for 
the adjacent turn and the cylinder as the shield for the entire filament. 

13-17. Gas- and Vapor-filled Tubes. Hot-cathode gas tubes may 
contain any of the inert gases (neon, argon, helium, krypton, or xenon), 
hydrogen, or mercury vapor. Strictly speaking, tubes containing mer- 
cury vapor are not gas tubes. However, their characteristics are so 
similar that they are included under the same general heading. Most 
commercial tubes contain mercury vapor; therefore much of our discus- 
sion will be concerning such tubes. 

The hot-cathode gas tube must always be connected with a current- 
limiting resistor in the plate circuit. This resistor is usually the load. 
It must be of such size that it limits the anode current to a safe value. 
This statement brings up the question of what we mean by the term “safe 
value. ” When the ohmic value of the external resistor R is low enough so 
that the saturation-emission current of the cathode is passing through the 
tube, the cathode is incapable of supplying any more thermionic electrons. 
If more current is demanded by the circuit, the added current must come 
from the cathode. Since the value of R must be decreased in order to 
increase this current, the voltage drop across R decreases (if the current 
tends to remain constant) ; hence the drop across the tube must increase. 
As a result, the positive ions bombard the cathode with increased energy 
and remove more electrons by secondary emission. This, of course, 
results in an increased voltage drop across R , and the tube drop decreases, 
but not back to its former value. Of course, these actions actually occur 
simultaneously. As more and more current is demanded, the tube drop 
increases until a point is reached where the positive ions bombard the 
cathode with enough energy to knock off particles of the emitting mate- 
rial. The tube drop at which this destruction begins is known as the 
“disintegration voltage/' and it has different values for different gases. 
For neon the disintegration voltage is about 27 volts, for argon 25 volts, 
and for mercury vapor 22 volts. 

This brings up another precaution which must always be taken in using 
thermionic gas tubes. When the cathode cannot supply sufficient current 
for the external circuit to limit the tube drop to a value less than the 
disintegration voltage, the cathode will be seriously damaged. Hence it 
is always necessary to let the cathode heat to normal operating tempera- 
ture before applying plate voltage to the tube. 

13-18. Effects of Pressure on Operating Characteristics. When mer- 
cury vapor instead of an inert gas is used, the pressure in the tube will 
vary considerably if the temperature of the bulb is allowed to change. 
Figure 13-8 shows how the pressure in a mercury- vapor tube changes with 
increased temperature. A change in pressure will affect the character- 
istics in several ways, An increase in pressure will decrease the peak 
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inverse voltage that the tube can withstand, i.e ., the voltage at which 
the tube breaks down into a glow when the plate is negative. When the 
gas pressure is too low, there are not enough gas molecules present to pro- 
duce the necessary positive ions needed to neutralize the space charge. 
Therefore the tube drop will be 
high and might even be high 
enough to exceed the disintegration 
voltage. 

If the pressure in the tube is too 
high, the peak-inverse-voltage rat- 
ing may be too low. If the pressure 
is low, the peak-inverse- voltage 
rating may be high enough but the 
tube drop will also be high; hence 
destruction of the cathode may 
occur. We thus see that there are 



Fig. 13-8. Vapor pressure of mercury as a 
function of temperature. 


definite limits to the range of pressures and temperatures over which 
the tube can be operated. 

Since the pressure in a gas tube is almost independent of the tempera- 
ture, such tubes would seem to be more desirable than vapor tubes. This 
would be the case if it were not for the fact that during manufacture it is 

necessary to drive all gases out of the metal 
parts. Then when an inert gas is admitted 
to the tube, at some predetermined pressure, 
the electrodes start to absorb part of it. 
This process is rather slow and takes place 
over a long period of time. The tube will 
therefore gradually change pressure, with a 
corresponding change in characteristics 
occurring. On the other hand, vapor tubes 
always have a plentiful supply of mercury 
present, and hence the pressure depends only 
on the ambient temperature of the bulb. In 
other words, the characteristics of the gas- 
filled tube change as the tube ages because 
of the absorption of the gas, while mercury- 
vapor-tube characteristics do not change 
appreciably with time. 

13-19. Mercury -pool Rectifiers. 6 One of the earliest forms of gaseous- 
discharge tubes was the mercury-pool, or mercury-arc, rectifier. Figure 
13-9 shows a sketch of a tube which is an obsolete type but is used in this 
discussion because of its simple construction. This tube consists of a 
large evacuated glass bulb containing a pool of mercury which serves as a 
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Fig. 13-9. An old-type mer- 
cury-arc tube and its circuit. 
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cathode, two graphite anodes, which are located in the two upper side 
arms, and a starter electrode, which is a mercury pool in the small lower 
side arm. At normal room temperature the pressure of the mercury 
vapor is of the order of 10~ 3 mm Hg. This is high enough to sustain an 
arc after it is once initiated. After the arc is established, the tube heats 
up and the pressure increases (see Fig. 13-8). 

The mercury pool of the cathode is ordinarily incapable of supplying 
free electrons even if the anode voltage is applied, unless a cathode spot is 
caused to appear on the surface of the mercury. The starter electrode S 
is used for this purpose. The tube is tilted until mercury from the cath- 
ode pool runs into the starter side arm, thus connecting the starter to the 
cathode. A current, which is limited by the resistor R s , begins to flow. 
When the tube is returned to its normal upright position, contact between 
the two pools is broken. A spark, or small arc, results and this causes a 
cathode spot to be formed. This means that electrons are being emitted 
from the cathode, and if at this time the anode is positive, an arc will 
be established between it and the cathode. The starter can then be 
open-circuited. 

The cathode spot is easily recognizable since it is a small bright spot of 
light which continuously moves or dances over the surface of the mer- 
cury. Measurements seem to indicate that all the anode current passes 
through the cathode spot and that the current density may be as high as 
10,000 amp per cm 2 . When a high current is passed by the tube, two or 
more spots may form, with the current through each spot not exceeding 
40 or 50 amp. 

The theory of emission from the cathode spot has not been well estab- 
lished as yet. However, it has been proved fairly well that the tempera- 
ture of the spot cannot be high enough to cause thermionic emission. 
The temperature of the spot can be calculated from the rate of evapora- 
tion of the mercury cathode. From studies of the drop across the tube it 
has also been shown that the positive ions do not have enough energy to 
knock electrons out of the cathode. Langmuir has suggested that the 
cloud of positive ions, which are traveling toward the cathode, is so close 
to it that a field is set up with an enormous potential gradient. This 
results in electrons being pulled from the mercury by high-field emission. 
To date this seems to be the most logical explanation. 

In order to simplify the explanation of how this tube operates, let us 
first remove the connection to one anode, say A 2 . A i is still connected to 
the a-c source. If the voltage applied to A i is positive when the tube is 
tilted and the arc started, the discharge will take place between A\ and 
the cathode and will continue until the potential of A i falls to near zero. 
The anode current will then fall to zero, and the arc will be extinguished. 
If in the meantime the starter circuit has been opened, the cathode spot 
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will have disappeared and the tube will have to be tilted again before it 
can start. If, however, the small d-c arc through the starter is allowed 
to continue, the next time the anode becomes positive the cathode spot 
will already exist and the arc will again occur between the anode and the 
cathode. The tube thus passes current on each positive half cycle, and 
we have a half-wave rectifier. This is, however, a rather inefficient 
method since the keep-alive circuit, which we have been calling the starter 
circuit, requires a current of several amperes in order to function. 

Assume the load to be resistive. If A 2 is now connected back to the 
end of the center-tapped transformer, the voltage applied to A 2 is 180° 
out of phase with that applied to A i. Now when the tube is tilted, the 
arc will occur between the cathode and one anode or the other, depending 
on which anode is positive. The arc will continue until the voltage of the 
supply and of the anode goes to zero; then the arc dies out. If in the 
meantime the starter circuit has been opened, the second anode will be 
unable to form a discharge when it becomes positive. If the resistance 
load is replaced by an inductive load, then anode A i will continue to fire 
after its supply voltage has fallen to zero. This is because the voltage 
induced in the inductive load is in such a direction as to oppose any 
change in the current, which is decreasing, i.e., the anode voltage lags 
the supply voltage. The discharge may continue until the second anode 
becomes sufficiently positive, at which time the arc will transfer from the 
first anode to the second. Note that, regardless of which anode is firing, 
the current through the load is always in the same direction. The device 
thus works as a full-wave rectifier without a keep-alive electrode. But 
it does require mechanical motion to start it. 

The drop across such a tube may be 20 to 50 volts. It is higher than 
the drop across a hot-cathode mercury-vapor rectifier since the energy for 
emission must come from the arc drop rather than from an external heat- 
ing source. The tube also has a somewhat constant-voltage character- 
istic; hence a current-limiting resistor must always be used to limit the 
current to a safe value. Since bombardment of the mercury pool by 
positive ions can do no damage to the emitter, this tube can withstand 
enormous momentary overload currents. However, a sustained over- 
load may cause overheating, with possible cracking of the glass where the 
lead-in wires enter the tube. Thus we see that the mercury-arc tube is a 
very rugged device that can be used where momentary overloads might 
damage the hot-cathode type. It does have some decided disadvantages. 
One of them is the fact that some mechanical method of starting the arc 
must be employed. Also, because of the relatively high tube drop and 
the large current needed to maintain this type of arc, the mercury-arc tube 
is not well suited to low-voltage low-current applications. 

The large glass bulb used in this tube is merely for cooling the mercury 
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vapor evaporated from the cathode. If the vapor pressure is allowed to 
become too high, an arcback (flow of current in reverse direction from 
normal) may occur; hence the bulb must be very large if a high voltage 
is to be rectified. 

The glass mercury-vapor-arc tubes have been superseded by those 
using steel tanks for envelopes. Such devices may have up to 18 anodes 
for polyphase use. They may be built in this form up to about 8000 kw 
capacity and for voltages ranging from 200 to 3000 volts. The tanks of 
such tubes are surrounded by a jacket through which water is circulated 
in order to keep the vapor pressure inside down to a reasonable value. 
The anodes are large blocks of graphite with leads brought into the steel 
tank by means of insulating bushings. These bushings are not always 
vacuum-tight, so such tubes are always connected to vacuum pumps that 
are turned on when the pressure in the tube rises to a certain value. 

13-20. Ignitrons. 7 The ignitron (ig-nl'-tron) 
is one type of mercury-pool rectifier which over- 
comes some of the starting difficulties mentioned 
above. Figure 13-10 is a drawing of one of the 
smaller sizes of the tube. It differs from the ordi- 
nary mercury-arc tube only in the method of 
starting. 

The cathode is the large pool of mercury in the 
bottom of the tube. The anode is the heavy piece 
of carbon supported by the lead wire coming 
out the top. The starter is the third electrode, 
which dips into the pool of mercury and is stationary. The starting is 
accomplished electrically and not by mechanical methods. 

The starter electrode is shaped somewhat as shown in the figure and is 
made of a refractory semiconductor such as silicon carbide. Mercury 
will not wet this material and hence forms a meniscus at the point of con- 
tact. This seems to be one of the requirements for starting. When a 
surge of current is passed from the starter to the mercury, a cathode spot 
appears at the point of contact and if the anode is positive at this instant, 
the tube will fire. The exact reason for this cathode-spot formation is not 
thoroughly understood, but it is believed to be due to the high potential 
gradient set up between the unwetted starter electrode and the mercury. 
Only a few microseconds are required for ignition, and hence the tube can 
be fired each cycle. This would be impossible with mechanical starters. 
Thus the ignitron eliminates the need for keep-alive circuits. 

If the time of firing is varied over the half cycle of voltage during which 
the anode is positive, the average or direct current can be varied from 
zero to some maximum value. Thus the tube becomes a control device 
as well as a rectifier. Figure 13-11 shows waveshapes of the output cur- 



Fig. 13-10. A small 
sealed-off ignitron. 
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rent when the tube is fired shortly after the anode becomes positive ( a ) 
and also when the anode voltage has reached its peak value (b). The 
methods of operating the igniter circuit will be studied later. 

Ignitrons are usually made with water-cooled steel jackets instead of a 
glass envelope. A photograph of a typical tube with part of the steel 
jacket cut away is reproduced in Fig. 13-12. Still larger units are built, 
some of them being capable of rectifying thousands of amperes. These 
larger units must be continuously 
pumped in order to maintain a 
vacuum. To date the ignitron is a 
relatively low-voltage tube, but 
efforts are being made to develop 
high-voltage versions. 


cot 

(a) 


cut 


(*) 

Fig. 13-11. Waveshapes of the cur- Fig. 13-12. Cutaway view of a water-cooled 

rent through an ignitron for two firing sealed-off ignitron. 

angles. 

This tube is of great importance commercially since it can rectify and 
control such large currents. However, it does have some disadvantages, 
one of them being the fact that while the current is unidirectional it is 
pulsating. This can be remedied to a certain extent by using the tubes in 
polyphase circuits. But for applications wdiere waveshape is unimpor- 
tant and the control of large unidirectional currents is required, the igni- 
tron has not been surpassed. This is true in spot-welding control, elec- 
trolytic processes, d-c motor control, etc. 

13-21. Action of the Grid in a Hot-cathode Gas Triode. 8 A hot- 
cathode gas diode may be converted to a triode by inserting a grid 
between the anode and cathode in such a way as fairly well to shield the 
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cathode from the field of the anode. This tube will have entirely different 
characteristics from those of a high- vacuum triode. If the grid of this 
triode is made highly negative and then a positive anode voltage is 
applied, no anode current flows. If the negative grid voltage is gradually 
reduced, eventually a small anode current will begin to flow. If the grid 
voltage is further reduced, the anode current increases. A point will 
finally be reached where enough electrons pass through the grid and are 
accelerated sufficiently by the anode to cause ionization and breakdown 
into an arc. Up to this point the action of the grid in a gas tube has been 
practically the same as the action of the grid in a high-vacuum tube. 
However, the current in the former is very small. 

After breakdown the tube drop is about the same as that of a thermionic 
gas diode since the negative space charge is neutralized by the positive 
ions produced by the ionization process. Hence the anode circuit must 
contain enough impedance to limit the current to some safe value. 

If the potential of the grid is now varied, it will be found to have no 
effect upon the magnitude of the anode current. When the grid is neg- 
ative, positive ions are attracted to it, and since they are gas molecules 
that have lost one or more electrons, they cannot enter the grid metal and 
pass out to the external circuit. They can do one of two things, however. 
They may strike the grid and remove an electron from it, thus becoming 
neutral molecules again, or they may form a cloud of ions about the grid 
structure. This cloud is called a positive-ion sheath. Positive ions will 
continue to come into the sheath until their charges neutralize the neg- 
ative charge of the grid. The only effect of a more negative grid is to 
increase the thickness of the sheath. Theoretically the discharge could 
be choked off if the grid were to be made negative enough so that the 
passageways were covered by overlapping sheaths. In practice this is 
not an acceptable method of extinguishing the arc because of the very 
high negative voltage needed. The only practical way to stop the dis- 
charge is to remove the positive anode voltage. 

Before breakdown the grid current consists of the few electrons which 
penetrate its negative field and strike the grid structure. As the grid is 
made less negative, a few electrons pass through the grid and are accel- 
erated by the anode. They may strike gas molecules and produce posi- 
tive ions. These in turn will be attracted to the negative grid and will be 
neutralized if they strike it. According to our convention, this means a 
negative grid current flows. Since more positive ions are formed as the 
grid voltage becomes less negative, the negative grid current increases as 
the grid approaches zero potential. 

The grid is necessarily in the path of the discharge, and also it differs 
in potential from the other electrodes; hence it must be protected by 
means of a series ballast resistor. If this precaution is not taken, a dis- 
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charge may be established between the grid and one of the other electrodes 
and thus damage to the tube may result. 

13-22. Thyratrons. 8 The gas triode which we have been discussing is 
known as a thyratron. However, the construction of the usual thyratron 
is quite different from the construction of a high-vacuum triode. Figure 
13-13 shows the plan for typical small thyratrons. The cathode may be 
either filamentary or indirectly heated. As in a gas diode, it may be of 
the high-efficiency heat-shielded type. The grid is merely a cylinder, 
with a baffle between the cathode and the plate. The hole in the baffle 
is to allow passage of electrons and positive ions. The anode is either a 
nickel disk or a block of graphite, depending on the current rating of the 
tube. Note that the grid structure almost surrounds the anode. This is 
because of the effect of charges which may 
collect on the walls of the tube. Suppose that 
the grid did not go up beyond the anode and 
that negative charges had collected on the 
walls of the tube. When the anode was posi- 
tive, the grid would have difficulty making the 
tube fire because the charge on the walls would 
not allow electrons to pass between the cath- 
ode and the anode. Of course, if the grid 
were made positive enough, the tube would 
eventually break down. Since the amount of 
the charges collected on the walls is random, 
the firing voltage would be variable and the 
action of the tube would not be consistent. 

With the grid structure extending up beyond the anode, the charges on 
the walls have no effect on the firing voltage. 

An examination of the firing characteristics of different thyratrons 
would show that some will fire with the grid negative, while others will 
not fire unless the grid is positive. The only difference between these 
two types is the completeness of the shielding done by the grid. The 
negative-grid thyratron will usually have only a single baffle with one 
rather large hole in it as part of the grid structure. The positive-grid 
thyratron will have one or more baffles with a large number of small holes, 
thus affording better shielding. 

The grid voltage which just prevents the thyratron from firing is known 
as the critical grid potential. The curve which shows the relationship 
between the anode voltage and the critical grid potential is known as the 
firing characteristic. A family of such curves is shown in Fig. 13-14. 
Note that the firing characteristic changes with temperature. This is 
because the tube is a mercury- vapor type, and hence the pressure is 
dependent on the temperature. This may be a decided disadvantage for 



Fig. 13-13. Typical elec- 
trode structure for (a) nega- 
tive-grid thyratrons, (b) posi- 
tive-grid thyratrons. 
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certain applications, and hence some thyratrons are filled with an inert 
gas instead of mercury vapor. But as in gas diodes, the pressure may 
change in time because of the absorption of the gas by the tube elements. 
This is not desirable, since it results in changes in the firing characteristics. 
One solution may be to use mercury tubes in a temperature-controlled 

enclosure. 

Since the arc in a thyratron can- 
not be extinguished without remov- 
ing the anode voltage, it is usual to 
employ these tubes with an a-c supply 
for the anode. Thus this voltage is 
reduced from positive values to zero 
once every cycle, and the arc is extin- 
guished. For this reason it is some- 
times desirable to draw a curve show- 
ing the critical grid voltage on the 
same set of axes as is the alternating 
anode-supply voltage. Such a curve 
and the graphical method of obtaining 
it are shown in Fig. 13-15, which is 
self-explanatory. However, in many thyratrons, using large alternating 
supply voltages, the critical-grid-voltage curve comes so close to the zero- 
voltage axis that practically no error is introduced by assuming the 
critical grid voltage to be along this axis. 

13-23. Shield-grid Thyratrons. One disadvantage of the single-grid 
thyratron is that, in order to have 
the grid control the firing, it must 
almost completely surround the cath- 
ode. This necessitates the grid being 
rather large physically, which means 
that the grid current will be con- 
siderable. This may be quite a draw- 
back when the tube is to be fired 
from a high-impedance source. Also, 
the capacitance between the grid and 
the cathode will be rather large, with 
a resulting relatively low input 
impedance. 

In order to increase the input impedance and reduce the grid current, the 
shield-grid thyratron was developed. Figure 13-16 shows a cross section 
of such a tube. The shield grid is the large structure which surrounds 
the cathode and can be made either positive or negative with respect to 
the cathode. The control grid is the small cylindrical structure between 



Fig. 13-15. Critical grid voltage when 
an alternating voltage is applied to the 
plate of a thyratron. 
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Control - grid voltage 
Fig. 13-14. Firing characteristics for a 
type FG27A thyratron showing the 
effects of temperature change. 
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the two baffles of the shield grid. The large shield grid, being held at a 
fixed potential and doing most of the shielding, will collect most of the 
current. The small control grid will collect very little of it. The size 
of the control grid also helps reduce the grid-to-cathode capacitance, and 
hence the input impedance is much higher than it is for the single-grid 
type. Figure 13-17 shows the firing characteristics of a shield-grid thyra- 
tron for various values of shield-grid voltage. Note that these curves 
point out another advantage of the double-grid type over the single-grid 
one. The firing characteristic can be shifted by varying the shield-grid 



Fig. 13-16. Typical electrode structure Fig. 13-17. Firing characteristics for a 
for a shield-grid thyratron. shield-grid thyratron. 


voltage. In the gas-type thyratron this shift can compensate for the 
effect of change in gas pressure. 

13-24. Ionization and Deionization Times. As mentioned above, the 
ionization time for a thyratron will be a matter of only a few microsec- 
onds. By ionization time is meant the time it takes the tube to break 
down into a self -maintaining arc after the voltage becomes such that the 
tube will fire. Because of the small interval of time required, the ioniza- 
tion time is not of too much interest to us. On the other hand, after the 
anode voltage is removed, it requires an appreciable time for all the posi- 
tive ions to drift over to one of the electrodes or to the walls of the tube 
and pick up electrons in order to become neutral molecules again. If the 
anode voltage is applied before this neutralization process is complete, the 
grid will not have regained control and the tube will fire regardless of the 
potential of the grid. The time required to accomplish this neutralization 
is known as the deionization time and may be as long as 1000 ^usec. Thus 
we see that the frequency of the anode voltage must be low enough so that 
there is time for the tube to deionize during the negative half cycle and 
for the grid to regain control. 
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PROBLEMS AND QUESTIONS 

1. State the approximate pressure of the gas in high- vacuum tubes; in thyratrons. 

2 . Name the three types of discharges discussed in this chapter. State the order 
of magnitudes of the current through and of the voltage across the tube in each case. 

3 . What is an excited atom ; a metastable atom ? 

4 . For how long a time can an excited atom exist; how long can the metastablc 
atom exist? 

5 . What is meant by ionization of a gas? What is a positive ion? What is a 
negative ion? 

6. How are ions produced? 

7 . What is an elastic collision; an inelastic collision? 

8. List the factors which determine the frequency of collisions between charged 
particles and gas molecules in gas which is in an electric field. 

9 . What is the meaning of the term “mean free path”? 

10. What effect does gas pressure have on the length of the mean free path? 

11. Explain how a few positive ions in a gaseous discharge can neutralize the 
effects of a large number of electrons and hence result in practically zero space charge. 

12. What effects might positive ions have on the surfaces of electrodes and on the 
walls of a tube? 

13 . Why is the drop across a cold-cathode discharge high? 

14 . Name the possible primary ionizing sources in a Townsend discharge. Is this 
type of discharge self-maintaining? 

15 . What is the difference between a self-maintaining and a non-self -maintaining 
discharge? 

16 . Explain why the breakdown voltage of a gas varies as shown in Fig. 13-3. 

17 . What is the type of discharge which occurs immediately after breakdown from 
a Townsend discharge? 
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18. What are the characteristics of the normal glow? 

19. Sketch the potential distribution through a tube which is operating in the nor- 
mal-glow region. 

20. Explain what happens to the tube drop as the electrodes, in a tube with a nor- 
mal glow, are moved closer and closer together. 

21. What is the abnormal glow? How can you recognize the point where it 
begins in a tube where you can vary the discharge current? 

22. What are the characteristics of an arc discharge? 

23. Why is the drop across an arc less than that across a glow discharge? 

24. Name two types of tubes using cold-cathode glow discharges. 

26. Why must a resistor always be placed in series with a cold-cathode gas diode? 

26. A type OC3 (VR150/40) is a cold-cathode voltage-regulator tube whose voltage 
drop remains constant at approximately 150 volts as the current through it is varied 
between 5 and 40 ma. Design a circuit, similar to that of Fig. 13-6, to keep the volt- 
age across a 5000-ohm load constant at 300 volts as the power-supply voltage varies 
between 400 volts and 450 volts. 

27. Does the hot-cathode gas diode operate with an arc or a glow type of discharge? 

28. Why is it possible to use heat-shielded hot cathodes in gas tubes and not in high- 
vacuum tubes? 

29. Why do hot-cathode gas tubes always use a resistor in series with the anode? 

30. What happens if the current through a hot-cathode gas tube becomes too high? 

31. What precaution must we always take when putting a hot-cathode gas tube into 
operation? 

32. Name the effects of gas pressure on the operating characteristics of a gas diode. 

33. What is meant by the term “peak-inverse-voltage rating”? 

34. Why might it be more desirable to use an inert gas in a tube rather than mer- 
cury vapor? 

36. Explain briefly why a load that is partially inductive permits the use of the 
circuit of Fig. 13-9 where the auxiliary electrode is used for starting only and there 
are no keep-alive electrodes. 

36. Could the circuit of Fig. 13-9 be used if the load was a pure resistance and the 
leakage reactance of the transformer large? 

37. Why are mercury-pool rectifiers able to withstand very large momentary over- 
load currents? 

38. How does the ignitron differ from the ordinary mercury-arc rectifier? 

39. Why are ignitrons superior to the ordinary mercury-pool rectifiers in many 
applications? 

40. What effect does a grid have on the anode current of a gas triode before the 
tube breaks down? After breakdown? 

41. What is a positive-ion sheath? 

42. Why is a current-limiting resistor used in the grid circuit of a gas triode? 

43. What is a thyratron, and what are its characteristics in so far as grid control 
is concerned? 

44. Does the value of grid-to-cathode voltage of a thyratron appreciably affect the 
value of the plate voltage for which an arc is formed? 

46. Does the value of grid-to-cathode voltage of a thyratron appreciably affect 
the value of the plate voltage for which an arc in the tube is extinguished? 

46. Give the advantages of a shield-grid thyratron over the single-grid type. 

47. What do we mean when we speak of the ionisation time for a gas; the deioniza- 
tion time? 

48. Thyratrons are inherently rather low frequency devices. Why? 



CHAPTER 14 


RECTIFIERS 


14-1. Introduction. A rectifier is a device which converts one or 
more alternating voltages into a unidirectional one. This definition 
covers the use of electronic tubes as well as many devices such as barrier- 
layer rectifiers (exemplified by copper-oxide and iron-selenium rectifiers), 
crystal detectors, certain electrolytic cells, and mechanical rectifiers. 
Rotary converters and motor -generator sets are not usually classified as 
rectifiers, although they often serve the same purposes. 

In the conversion of large amounts of power from the alternating to the 
direct form it is usually advantageous to employ a polyphase source, 
whereas for moderate and small power requirements a single-phase source 

is satisfactory. In this text we shall 
confine our discussions to single-phase 
rectifiers employing electronic tubes. 
However, much of the material can be 
applied to other types. 

Usually the matters of principal 
interest with a particular circuit may 
include the direct current (or voltage), 
the alternating components (ripple) 
of the current, the peak plate current, 
the tube’s plate dissipation, the rectification efficiency, and the d-c 
magnetization of the transformer core. 

14-2. The Ideal Rectifier. The ideal rectifier would be one in which 
the drop across it while conducting would be zero. In other words, it 
would have zero resistance in the forward direction. It would also have 
infinite resistance in the nonconducting, or reverse, direction. The volt- 
ampere characteristic of such a device is pictured in Fig. 14-1. The 
symbol which we shall use to represent the ideal rectifier is also shown in 
the same figure. Such a rectifier would have no voltage drop across it 
while conducting and hence no power loss. When not conducting, the 
current would be zero so again there would be no power loss. 

14-3. The High-vacuum Diode as a Rectifier. When using a high- 
vacuum diode as a rectifier we find that, while the device conducts in only 
one direction, it is not ideal. The current-voltage relationship is given 
by the Child-Langmuir equation {% = Ke b H ) during conduction and by 
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{a) (b) 

Fig. 14-1. The volt-ampere charac- 
teristic (a) and symbol ( b ) for an ideal 
rectifier. 



RECTIFIERS 


409 



Fig. 14-2. The volt-ampere char- 
acteristic for a 6H6 tube. 


4 = 0 during the nonconducting time. The volt-ampere characteristic 
for a type 6H6 tube is pictured as curve a in Fig. 14-2. If we were to work 
with this more or less exact relationship, the solution of rectifier problems 
would be extremely difficult. It is 
therefore desirable to make some ap- 
proximations and simplifications. 

Using this same figure, let us first 
draw a straight line which seems to 
approximate the actual characteristic. 

This is shown as curve b. Note that 
there is not a great deal of variation 
between these curves. If we now draw 
the volt-ampere characteristic of the 
series combination of the ideal rectifier 
and a fixed resistor equal in magnitude 
to the d-c plate resistance R p of the tube, we see that this too yields curve 
b of Fig. 14-2. In our equivalent circuits we shall use the idealized tube 
as an approximation for the actual one. 

14-4. The Half-wave High- 
vacuum Rectifier with a Resistance 
Load. Figure 14-3 shows the circuit 
diagram and the equivalent circuit 
for a half-wave high-vacuum rectifier 
with a resistance load. Except for 
the ideal rectifier, all circuit elements 
are linear. We can assume the 
supply voltage to be sinusoidal ; thus 
Vp —— V pm sin cot. 

During the time when the tube 
conducts, the tube-and-load current 
is given by 



(a) 

'J A A A 



<*) 



% = 


Vvm sin cot 


R + R v R + R, 


Q < COt <T 

(14-1) 


half-wave rectifier with resistance load. 
(b) Equivalent circuit for (a) using a 
high-vacuum diode, (c) Waveform of 
load current. 


This, of course, assumes that the 
cathode emission exceeds 4 max . Dur- 
ing the remaining part of the cycle 

4 = 0 7r < cot < 2tt (14-2) 


The waveform of 4 is shown in Fig. 14-3c. 

To find the average, or direct, value of the current, we can use the 
ordinary method of integrating under the curve and dividing by 2t. This 
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% dot = 


2tt R + R 


-r. * 

v Jo 


sin ot dcot 


results in the following: 

1 f 2 * 

Idc - ha = - 2 - j g 

= I V P" 

ir R + R p 

From this it follows that the direct voltage across the load is 
Tp T 7? ^ Fpm 1 V pm, 

dc “ dcU - 7r ~+~R p ~rl + (Rp/R) 


(14-3) 


(14-4) 


Examination of this equation discloses that if the load resistor R is 
decreased in value, the value of Ede decreases unless R p is negligible com- 
pared with R. For good voltage regulation this latter relationship must 
be the case. The maximum value of direct voltage that can be obtained 
from this circuit is obtained when R is infinite. 

Since the purpose of a rectifier is to supply direct current, the useful 
output or load current will be taken as the direct component. How well 
the rectifier performs may be expressed by the rectification efficiency, 
which is the ratio of d-c power delivered to the load to the total power 
furnished by the source. The useful power in the load is 


Pdc = Idc 2 R = 


VpJR 

t t\r + R p y 


(14-5) 


The a-c components also pass through the load, but in this case their only 
effect is to produce heat, which must be considered as power loss. 

Tha total heating effect of the current, both on the tube and on the load, 
may be computed from its effective value I b . This may be calculated as 




V 2 

r prn 


2 7T ( R rfi Rp)' 


sin 2 c ot dot 


1 V 

2 R + R 


pm 




Because the actual rectifier is represented by an ideal rectifier in series 
with a resistor of value equal to the d-c resistance of the tube, the power 
dissipated in the tube can be found from the relation 

p * - h ' R ■ - wrb (1M) 

The total power supplied by the source is 

P„ - l,Hft + «,) - 


(14-8) 
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Thus the rectification efficiency is 

_ F* _ /2Y R _ 40.5 

V Pin V/ R + R p 1 + (R P /R) /o 


(14-9) 


Hence the maximum efficiency is 40.5 per cent. A curve of efficiency as a 
function of the ratio R/R p is shown in Fig. 14-4. Note that when R = 
10 R p , the efficiency is approximately 37 per cent. Hence, for many of the 
loads encountered in electronic applications, the rectifier would be operat- 
ing in the neighborhood of its 
theoretical maximum efficiency. 

Another measure of the effective- 
ness of a rectifier in supplying direct 
current is the ripple factor. This 
quantity y is defined as the ratio 
of the effective value of all the alter- 
nating components constituting the 
ripple to the direct, or average, 
value of the current. 

Since we do not have the equa- 
tion for the ripple current alone, we 
cannot find its effective value 
directly. Here the Fourier-series representation would be convenient. 
This series would have the form (see Prob. 14 b, Chap. 6) 

ib — Idc + Am sin cat — 1 2 m cos 2 cat + • * • (14-10) 



Q l I 1 I M l II ■ .1 

0.1 0.5 1.0 5 10 20 


Ratio 

K P 

Fig. 14-4. Efficiency of a half-wave 
rectifier as a function of the load R. 


and of the coefficient values, only that of Idc has yet been determined. 
The other terms on the right collectively constitute the ripple i ac . Figure 
14-3c shows that the cycle of % repeats every 2tt radians. Hence the 
term sin c ct is an important component of the ripple. This is true of 
all half-wave rectifiers, either with or without filters. 

We may again compute the effective value h, this time as 


h = 


*2ir 


2tt Jo 


ib 2 dut 




*2t r 


= J ( Idc + I lm sin 0 )t — 1 2 m COS 2c ot + 


•) 2 dwt 


irr 

LJo 


2tt 


Idc 2 dwt + 2 / Idc {I im sin cat — 1 2m cos 2c at + * • •) dcat 

Vi 


= {I d s + o + 1^\ 


r 2tt 

Jo 


+ / (I lm sin c at — 1 2 m cos 2 cat + 


H 


•) 2 dcat 
(14-11) 
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where I ac is the effective value of the ripple current t ac . From (14-11) we 
may solve for the ripple factor as 


7 



Vh 2 - he 2 

Idc 


1.21 


(14-12) 


This numerical value is obtained by substituting for h from (14-6) and 
for Idc from (14-3). Thus for this half-wave rectifier we see that the 
efficiency is low and that the effective value of the ripple current is 
greater than that of the direct current. Because of these drawbacks the 
use of this rectifier circuit is rather limited. 

One application of this circuit is for 
use as a voltmeter. Since Idc is pro- 
portional to V P7 a d’ Arson val type of 
voltmeter inserted in the series circuit 
can be calibrated in volts. However, 
in order to render the input impedance 
of the circuit high, as is desirable, a 
high-sensitivity d’Arsonval movement 
is required, resulting in a somewhat 
expensive instrument. The ripple can 
be passed through the meter, as it 
causes no deflection. Since such an 
instrument is usually calibrated in rms 
volts on a sinusoidal source, its indica- 
tions on nonsinusoidal voltages will be 
in error. 

14-5. Full- wave High -vacuum Rec- 
tifier with a Resistance Load. The full- 

wave rectifier can be looked upon as 
consisting of two half-wave rectifiers 
feeding a common load. The two half- 
wave sections are supplied from two sources with voltages 180° out of 
phase with each other. Such a circuit and its equivalent are pictured in 
Fig. 14-5. 

If the assumption is made that the two voltages V\ p and v^ v are also 
equal in amplitude, we may write 



Fig. 14-5. (a) Circuit diagram for a 
full-wave rectifier with resistance 
load. (6) Equivalent circuit for 
(a). 


V\p — V pjji sin cot 


(14-13) 


and 


V 2 P = —Vi p = Vpm sin (cot + x) 


(14-14) 


During the half cycle when tube 1 is conducting, tube 2 will be cut off 
and when tube 2 conducts, tube 1 will be cut off. The current passed by 
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both tubes goes through the load resistor R , and so we may write 


i = iib + i<ib 


(14-15) 


The waveforms of the tube currents are half sinusoids, making the load- 
current waveform that shown in Fig. 14-6. The cycle of current repeats 
every tt radians, and therefore the lowest frequency present for the alter- 
nating components of the load current is double the source-voltage fre- 
quency. This is a decided advantage over the half-wave rectifier, as we 
shall see when we take up the study of filters to be used with these circuits. 

Inspection of the path of the circuit involving the power transformer 
shows that the primary ampere turns equal Niii, while the secondary 
ampere turns can be expressed as — ivb ), where N 2 is the number 

of turns in half the secondary. If 
the mmf loss in the core is negligible, 
we may equate the two expressions 
and obtain 

i\ = ^ (i\b — ^ 26 ) (14-16) 

If the current of the second tube is 
subtracted from that of the first, it 
can be readily seen that i\ has a sinus- 
oidal form. Hence the d-c and all 
harmonic components must be missing from the primary current. Like- 
wise, the secondary ampere turns — iw) contain no d-c magnetizing 

component. The same is true of the primary ampere turns. Therefore 
there is no d-c magnetization of the core. Since less iron is needed, the 
full-wave rectifier has this decided advantage over the half-wave one. 

The average and effective values can be easily calculated as they were 
for the half-wave circuit. They are given by 



Fig. 14-6. Waveshape of the current 
through the load of a full-wave rectifier. 


and by 


= 2 V pm 
IT R + R p 


lb 


1 V pm 

V2 R + Rp 


(14-17) 

(14-18) 


From these equations the values of E dc and E can be computed if desired. 
The d-c power delivered to the load can now be calculated as 


Phc = hM = 



(14-19) 
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If we reexamine Eq. (14-5), we see that the d-c power output in the full 
wave case is just four times that for a half-wave rectifier using tubes of 
the same type and the same source voltage V p . 

The power dissipated by the plates can be written as 


P v = h 2 R P 



(14-20) 


As a result of the increased power output and less a-c power loss in the 
load, the full-wave rectifier is more efficient than is the half-wave rectifier. 
The total power supplied to the circuit is 

Pin = hKR + R P ) = 2{R + R p ) (14_21) 


The rectification efficiency is then found to be 


V = 


Pda 

Pin 


8 


81 


7T 2 1 + (R P /R) 1 + (Rp/R) 


% 


(14-22) 


Its maximum value is just twice that found for the half-wave rectifier. 

The ripple factor is found to be less than one-half that of a half-wave 

rectifier and is calculated as 

y = l tL = 0.48 (14-23) 

Pic 

We may summarize the advantages 
of a full-wave over a half-wave rec- 
tifier. For the same d-c power sup- 
plied to a load, the former has double 
the rectifying efficiency, and it may 
be shown that the required total plate 
dissipation is only half that for the half-wave case. Also the ripple factor 
is less for the full-wave rectifier, and the transformer may be smaller. 

14-6. Half-wave Gas-diode Rectifier with a Resistance Load. A 
hot-cathode gas diode may be connected as a half-wave rectifier as shown 
in Fig. 14-7. In order to draw an equivalent circuit, it is again desirable 
to use an idealized tube. The volt-ampere characteristic for a type 83 
tube, which is a hot-cathode mercury-vapor rectifier, is shown in Fig. 14-8. 
Because of its constant-voltage characteristic, a fairly good approximation 
can be made by drawing it as a straight vertical line at the average value 
Ed as shown by curve b. This is the same characteristic as is possessed 
by a battery in series with an ideal rectifier. The polarity of the battery 
representing the tube drop must be in opposition to current flow through 




Fig. 14-7. Circuit diagram of a half- 
wave gas-diode rectifier with a resist- 
ance load. 
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the rectifier as indicated in Fig. 14-9. Note that this representation is 
quite different from that for the high- vacuum diode. 

Writing a mesh voltage equation for the equivalent circuit during the 
conducting period, we obtain the relation 


v p = V pm sin cot = i b R + E d (14-24) 

where E d is the voltage of the equivalent 
battery. Solving for the current yields 

4 = TVsi n^-Ea 
ri 

When the tube is blocking, the current 
is obviously zero. 

An examination of the equivalent cir- 
cuit shows that the tube blocks until v p 
becomes positive and greater than E d . 
The tube then breaks down into a gase- 
ous discharge. The angle 9i at which the 
breakdown or ignition occurs can be 
found by solving Eq. (14-25) for cot( = 



Fig. 14-8. Volt-ampere character- 
istic for a hot-cathode mercury- 
vapor rectifier. 


9 1 ). Here % = 0, and hence 


9 1 


E £ 


= arcsm 


(14-26) 


The tube will continue to conduct until the applied voltage again becomes 

less than E d . Hence from symmetry we 
may express the extinction angle as 

d 2 = tt - 9 1 (14-27) 

The conduction angle then becomes 



Fig. 14 - 9 . Equivalent circuit for 9 C — 9 2 9 1 — t 29i (14-28) 

a half-wave mercury-vapor recti- 

fier with a resistance load. The load current is sinusoidal during the 

conduction period, which is less than one- 
half cycle. Figure 14-10 shows the shape of the current wave. A sketch 
of v P serves as a timing wave. 

Complete expressions for the tube current are 


4 


V pm sin u>t — E d 
’ R 


9\ < oot < 9 2 


(14-29) 


and 


% = 0 &2 < oot <C 2tt T 9i 


(14-30) 
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We may calculate the average current as 

J _ 1 [ 2ir . j , _ 1 f $ * V P m sin Cot — Ed J 4 SIA 

Iio ~ 2tt Jo ud _ 2x J tl P (14 " 3 i 

or 

J* = ^ [ - cos 02 + cos 01 - ^ (02 - 0 a ) j (14-32) 

The direct voltage across the load resistor can be found by multiplying 

Idc by R. 

If the magnitude V pm of the source 
voltage is large compared with E d , 
6 1 « 0 and 0 2 ~ 7r. Hence the aver- 
age current becomes 

(14-33) 

The peak current through a gas 
tube is of importance because of 
resulting damage to the cathode if 
this current becomes too high. The 
peak current flows at the time when 
the supply voltage is at its maximum value. This occurs when cot = tt/ 2 . 
We may then write from Eq. (14-29) 

= Vpm ~ - -* (14-34) 



rent in a gaseous rectifier. 


The average power supplied to the circuit can be calculated as 


= i L Vpibdoit = iL 


/tt • V pm sm cot Ed) 

( Vpm sm cot) 


V 2 

r pm 

2 ttR 




— 20! sin 201 0 E d 

~2 2 ^ VZn cos S 


■) 


R 


- diet 


When Ej is small compared with V pm , this reduces to 

Pi, 


VpJ 

4P 


(14-35) 


(14-36) 


The power lost in the tube can be found from the equation 
p if 2 '.,. 1 [*' E d (V pm sin U - E d ) 

Pp ~ 2r Jo ehUdU = 2t j 9l 


R 


diet 


= e? r 

2tt J 9l 


V pm sin cot — E d 
R 


dut 


(14-37) 
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since Ed is constant. By comparison with Eq. (14-31), this can be recog- 
nized as being 

P p = Edldc (14-38) 


The rectification efficiency can be calculated from the relation 

v=^~ = I -^X 100 % 

1 in 1 in 

Substitution from Eqs. (14-32) and (14-35) into (14-39) yields 


(14-39) 


V = 


1 [cos 0i - cos 02 - (Ed/V pm )(d 2 - 0i)] 2 X 100 


2 t 7 r — 20i sin 20i 0 Ed 

—2 — + -T-- 2 ?Z COS01 


% (14-40) 


This rather complex formula points out one fact to us — the efficiency is 
independent of the load resistance. The efficiency does increase with 
increased values of Vpm, and in order to investigate the maximum possible 
efficiency, let us again assume that V pm is very large compared with Ed. 
Equation (14-40) then reduces to the approximate form 

V « X 100 = 40.5% (14-41) 

7 r 


and we see that the theoretical maximum efficiency is the same as that 
found for the half-wave rectifier using a high-vacuum tube. 

The ripple factor can be determined if h, the effective value of 4, is 
calculated. This involves a not too difficult integration, which will not 
be carried out here. If Ed is small compared with V pm , as is usually the 
case, the ripple factor will be approximately the same as for the high- 
vacuum-tube circuit. 

14-7. Half-wave Rectifier with a Capacitor Filter. When rectifiers 
are to be used as sources of d-c power for equipment such as amplifiers, 
radio receivers, or radio transmitters, they must be able to supply direct 
voltages with a very small ripple. Hence some type of filtering must be 
used. 

The filter is a frequency-selective network connected between the rec- 
tifier and the load terminals, which tends to allow the direct current to 
pass through the load while stopping or diverting the a-c components from 
reaching it. Filters are combinations of L, C , and R elements, the simpler 
ones being a single capacitor shunted across the load or a single choke in 
series with the load. While these very simple arrangements are rela- 
tively ineffective, when compared with more complex arrangements, they 
are occasionally used and warrant some study, 
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Figure 14-1 la shows a rectifier using a simple capacitor filter. Suffi- 
cient accuracy for an estimate of performance is obtained by replacing 
the rectifier tube by an ideal one; the resulting equivalent circuit appears 
in Fig. 14-116. 

During the portion of the cycle when v p is positive, if the voltage across 
C is lower than v PJ current flows through the rectifier tube to the load and 
to the capacitor, charging the latter to the voltage V pm . If R is very high 
in value, the capacitor voltage remains near the value V pm as the voltage 
v p recedes and reverses, because the charge on C is trapped by the unilat- 
eral rectifier. There is, of course, a 
small current flow through R , and a 
slight loss in capacitor and load volt- 
ages results. On the next positive 
swing of v p this small loss is restored, 
and the load voltage remains prac- 
tically constant at a value V pm . 

Now to be practical we know that 
in many applications R cannot be 
very large. Hence the very simple 
analysis just made often cannot be 
applied. On the other hand, it is just 
as practical to insist that R should 
not be very small either. The reason 
for this is that if R is small, the 
capacitor will discharge through R almost as fast as v p recedes, until e c 
reaches zero. There it remains until later in the cycle, when v p becomes 
positive again and recharges the capacitor. The resulting waveform of 
load voltage is practically as ripple-laden as though no filter were used. 
Actually it is not the size of R alone which counts, as an increase in capac- 
itor size or in frequency will offset a decrease in the value of R, Hence 
aiRC is the quantity which should be kept reasonably large. 

Let us continue the analysis. First we assume 



Fig. 14-11. (a) Half- wave rectifier 
with a simple capacitor filter. (6) 
Its approximate equivalent circuit. 


v P = Vp m sin ait 


During the portion of the cycle when the tube is conducting 

ir = sin ait 
JtC 


and 


ic = c = aCV pm COS at 


V . 


% = h + ic = -J- sin at + aCVp*, C os at 


(14-42) 


(14-43) 

(14-44) 


(14-45) 
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The tube ceases to conduct when i b = 0, which we shall say occurs at the 
extinction angle cot = 82. From Eq. (14-45) we can show that 

82 = arctan (— coRC) (14-46) 

Figures 14-12 and 14-13 show waveforms represented by these equations 
for i R , i c , and 4- The portions actually used are drawn with heavy lines. 




Fig. 14-13. Waveforms for i R , ic, and i b ; RC moderately large. 


These two sets of curves differ in that one has coRC small, while for the 
other coRC is moderately large. 

Beginning at 82, the capacitor discharges through R in its characteristic 
exponential manner until such time later in the cycle when v p again 
becomes positive and equals e c and e R . At this time, say when cot = 6 1 , 
called the ignition angle, the capacitor begins to recharge and the currents 
i R , i c , and 4 again take their sinusoidal waveforms described above. 
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and 


= 01, 


ib — 0 

(14-47) 

i c = -A(~ ,/RC 

(14-48) 

i B = +A(- l ' RC 

(14-49) 


where A is an undetermined constant. Graphs of these equations are 
inserted in Figs. 14-12 and 14-13 to complete the waveforms of operation. 

Examination of the waveforms of Fig. 14-12 shows % to be practically 
a half sinusoid. i R has a waveshape which shows the presence of a high 
percentage of ripple. As indicated earlier, a small value of EC gives 
results little better than those obtained without a filter. 


e or V' 



Fig. 14-14. An approximate saw-tooth representation of e R in Fig. 14-13. 

The practical case is that illustrated in Fig. 14-13 for a moderately 
large value of RC. The items of principal interest are values of , of the 
peak tube current % mHX , and of the ripple factor 7. All these quantities 
may be readily determined if the ignition angle 8 1 and the extinction angle 
8 2 are known. An expression for the latter has already been obtained in 
Eq. (14-46). To obtain 6 1 by simultaneous solution of the equations 
written previously is quite possible, at least graphically. However, for 
the practical case it is much easier to make further simplifying assump- 
tions. Let us replace the exponential curve of i R between 0 2 and 6 1 by an 
approximate linear one extending from 6 = tt/2 to 8 = Stt/2, 0 2 is 
slightly greater than x/2, while 6 1 is somewhat less than 5x/2, as shown 
in Fig. 14-14. Because of the sag in the exponential curve, the value of 
i R at 0i is approximately the same as the minimum value on the straight 
line at 8 — 5tt/ 2. The straight-line locus for i R implies an assumption of 
a linear drop in capacitor and resistor voltage from a maximum value of 
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V pm to a minimum value which we may denote as — A E. A draw- 
ing of this assumed voltage waveform is given in Fig. 14-14. We can 
compute the average voltage by writing 


E dc 



from which 


Edc 


F pm 


1 AQi 

2 C 


— v — T . A 

r pw -Lac j 

~ F pm 


1 + (1/2 fRC) 1 + (t/uRC) 


J_Eac 1 
2C R f 


(14-50) 

(14-51) 


Ida can be obtained by Ohm’s law. 
Since 

^ in ; n % max 21 dc 

V 

y »m 


= 2 


ft[l + (x/«KC)] 


W (14-52) 

Fpm F pm 1 — (w/coRC) 

"X - X 1 + (tt/coAC) ^ 


Assuming the current at 0i is the same as z min , we can substitute this value 
into Eq. (14-43) to determine the value of c ot — 0i , suitable for large values 
of RC. Thus 

. 1 — (t/wRC) , . N 

Marcsin r+(W) (14 ' 54) 


0i is an angle in the first quadrant. 

We can now calculate the approximate value of the peak plate current. 
Examination of Fig. 14-13 shows that when uRC is large, 4 max is less than 
the peak value of the sinusoidal wave. Its value is obtained from Eq. 
(14-45) as 




(b si 


sin 0i + o)C cos 0 


■) 


(14-55) 


For a fixed source frequency the value of 4 max is increased by lowering R 
or by raising C. Its value should be checked against the specified peak- 
current rating of the tube as given by the manufacturer. For a gas tube, 
damage to the cathode results if this rating is exceeded. For a high- 
vacuum tube no damage results, but the direct-voltage output is lower 
than that calculated because of the inability of the cathode to supply the 
required peak charging current. In other words, the internal resistance 
R p of the tube may be too high to be ignored in deriving the equations for 
performance. 

In order to determine the ripple factor, one may first determine the 
effective current by integration. However, in the practical case sufficient 
accuracy is obtained by assuming the waveform to be saw-tooth. It may 
be easily shown that the effective value of the alternating components of 
a saw-tooth wave is a/ \/3, where 2a is the peak-to-peak value. Using 
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this formula, we can write an expression for the ripple voltage across the 
load. 


E, 


V pm — Edc 


V3 


_L 

vn 


IV- - 


1 + ( Tr/(J)RC ) 


V pm 


1 


y/% 1 + (c oRC/r) 

From this and Eq. (14-51), the ripple factor becomes 
Eac 1 1 + (tt/uRC) 7 r 


(14-56) 


7 = 


Edc V3 1 + (<*RC/ic) -y/3 c oRC 


X 100% (14-57) 


If a full-wave rectifier is substituted for the half-wave one, the wave- 
forms of Figs. 14-12 and 14-13 must be amended to allow for current 
components furnished by the second diode unit. The exponential i R will 
drop less than before because the second diode recharges the capacitor 
almost a half cycle earlier than a single diode did. In deriving the for- 
mulas the same method as before can be employed, the only essential differ- 
ence being the use of time 1/2 f instead of 1//. Thus for a full-wave rec- 
tifier with a smoothing capacitor across the load, 


E dc 


0i 


1 + (Tr/2cotf<7) 

. 1 - (tt/2ooRC) 
arcsin 1 + 


(14-58) 

(14-59) 


where 0i is a first quadrant angle for the tube being considered. The for- 
mula for f 6mflX is again given by Eq. (14-55). The ripple factor for the 
full- wave case is 


2 V3 o>RC 


X 100% 


(14-60) 


Example . A full-wave rectifier with V p = 230 volts at 60 cps supplies 
direct current to a 10,000-ohm load. Find the size smoothing capacitor 
needed to reduce the ripple to 5 per cent. Also find E dC) Idc , and the peak 
tube current. 

Solution. 7 = 0.05 = r/2y/ 3 uRC. Therefore 


2aRC °- 0866 and C 0.0866 X 754 X 10,000 4 8 ^ 

E - ~ ftotS - 300 ™ lte 

g 1 = arcsin 1 +0 0866 = 57.5 

lim “ = ^ X 230 ( 10,000 + 1732 C0S 57 5 ) 

= V2 X 230 (0.0842 + 0.975) X 10~ 3 = 344 ma 
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A 5Y3 double diode with a peak-current rating of 375 ma per plate is sat- 
isfactory. The allowable peak inverse plate voltage is 1400 volts, while 
the applied value is approximately a/2 X 230 X 2 = 650 volts. 

14-8. Half-wave Rectifier Using a Series-inductor Filter. A series 
inductor serves as a filter in rectifier circuits because it stores energy when 
the current is rising and releases it as the current falls. Thus there is a 
tendency to maintain the current constant in value. The actual induct- 
ance may be that intentionally inserted to serve this purpose, or it may be 
inherently part of the circuit, as a com- 
ponent of the load, as the leakage 
inductance of a power transformer, or 
as an element in the power-generating 
system. 

If we neglect the tube drop or the 
tube resistance, we may draw the 
equivalent circuit in the form shown 
in Fig. 14-15. For this circuit the loop voltage equation with sinusoidal 
applied voltage may be written as 



di 

L ^ + Ri = V P m sin cot 

(14-61) 

valid for only positive values of i. The complementary function in the 

solution for the current is 



i = At~ Rt/L 

(14-62) 

where A is an arbitrary constant. The particular integral is 

the familiar 

expression 

i = — - — sin (cot — 6) 

VR 2 + a m 

(14-63) 

where 

8 = arctan ^ 

K 

(14-64) 

The complete solution becomes 



i = Ae~ Rt/L 4 7 — sin (cot — d) 

\/R 2 + c o 2 L 2 

(14-65) 


The sinusoidal component of this current can become zero and reverse 
after a half cycle, but the exponential component is always positive. 
Hence there is a question whether the total current does or does not 
become zero during the cycle. As L is made larger, R remaining fixed, 
the more slowly the exponential component dies, and thus for higher 
values of L it seems that it may be possible for the current to flow con- 
tinuously. As a matter of fact this is the case for full-wave rectifiers, but 


f e 


Fig. 14-15. Equivalent circuit for a 
rectifier with a smoothing inductor. 


wt 




H- 
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for half-wave ones the current always cuts off. Since this is the case, at 
the end of the cutoff period, voltage is applied to the R-L circuit under the 
condition that there is no stored energy in the inductor. Consequently 
the current begins to rise as the voltage rises, without the lag which occurs 
in the sinusoidal case. Figure 14-16 shows sketches of waveforms of i 
for various values of uL/R. 

We may now proceed to determine the cutoff angle 0 2 . This will be 
used as a limit in the integration necessary to determine Idc and the ripple. 



JL & 2k wt 

2 2 


Fig. 14-16. Waveforms of current for a half-wave rectifier with a smoothing inductor. 
Assume i = 0 when <at = 0. We may then evaluate A in Eq. (14-65) as 
V V 

A = — sin 0 = — ^ (14-66) 

\/R 2 + <0 2 L 2 VR 2 + U 2 L 2 V^ 2 + <o 2 L 2 

We may substitute this value for A and arctan (uL/R) for 6 in Eq. 
(14-65): 

i - ■■ X. = = I" A? == <r Ri/L -f- sin ( 03 1 — arctan ~V] (14-67) 

VwT^WR’ + ^l* \ R) J 


At ut = 0 2 suppose the current again becomes zero. Substituting into 
Eq. (14-67) and rearranging, we obtain the relation 


caL/R 

Vi + \uL/0 


= sin ^0 2 — 


arctan 


(14-68) 


This equation should yield the value of 0 2 if o>L/R is known, but it is 
impossible to obtain an explicit expression for 0 2 . We can, however, plot 
the relationship of 0 2 vs. c oL/R by the tedious process of assuming one 
value of aiL/R, plotting the left member vs. 0 2 , plotting the right member 
vs. 02 ; and finding the intersection of these two graphs and hence the value 
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of 6 2 corresponding to the assumed value of t oL/R. This is repeated for 
other values of o>L/R. The results are shown in the finished graph of 
Fig. 14-17. Note that the conduction period does increase as c oL/R 
increases, whether because of an increase in L or a decrease in R. 

A formula for I dc can be derived in the usual manner by averaging the 
current over a cycle. For this purpose i may be expressed by using either 
Eq. (14-67) or Eq. (14-61). Investigation proves that the latter proce- 


*2 



luL/R 

Fig. 14-17. Variation of extinction angle 62 with ujL/R for a half-wave rectifier using 
a smoothing inductor. 


dure is shorter. Hence, by the use of (14-61), 

, 1 r . , . 1 [ e * r Vpm . La 

Id ° = 2i jo ldwt = 2.] 0 ~W smU -Ra 
V pm 0)L .T 2 1 T V pm , 

-R - C0S “ -R l J 0 


hi (1 ~ cos ^ 


cos 62 ) — 0 


(14-69) 


Values of he for various values of uL/R have been drawn in Fig. 14-16. 
Examination of these values together with the corresponding waveforms 
of instantaneous currents shows that the ratio of peak current to Idc is not 
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particularly high. The highest ratio is 3.14, obtained for uL/R = 0. 
Thus peak current is not an important item in rectifier operation with a 
smoothing inductor. 

From Eq. (14-69) it follows that 

E dc = (1 - cos Bt) (14-70) 


The value of the ripple factor at the load is given by 


7 = 


1 dc 


Vi 2 - Ida 2 
he 



1 (14-71) 


The work involved in this development is long and tedious. The result is 


7 = \ 7i ryr 2 [02 cos 0 - sin 0 2 cos (0 + 0 2 )] - 1 (14-72) 

\ ^1 COS V 2 ) 

Values of y are plotted against coL/E in Fig. 14-18. This graph shows 
that as c oL/R is increased, the value of y first decreases slightly and then 



o i I I i i i i i i 

CU 0.5 1.0 5.0 10 50 100 1000 


tuL 

R 

Fig. 14-18. Variation of the ripple factor y with cu L/R for a half-wave rectifier using 
a smoothing inductor. 

increases. This last rise is due to the fact that while both the direct and 
the ripple currents decrease, the former decreases faster than does the 
ripple. The filtering efficiency of a smoothing inductor with a half-wave 
rectifier is on the whole very poor, and this type of filter is not recom- 
mended for applications requiring a good quality of direct current. How- 
ever, a smoothing inductor is useful with a full-wave rectifier (see Prob. 17 
at the end of this chapter) and with polyphase rectifiers. 

14-9. Full-wave Rectifier with an L-section Filter. So far none of the 

filters that we have studied would prove to be very satisfactory sources of 
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direct current for communications equipment or for other applications 
where a ripple-free output is desirable. 

A more satisfactory device for such uses is the full- wave rectifier with 
an L-section filter. The circuit diagram and its equivalent circuit are 
shown in Fig. 14-19. Note that an ideal tube is used in the equivalent cir- 
cuit in order to simplify the analysis. 

Under normal operating conditions the current through the inductor 
never falls to zero at any time during the cycle. If the current to the 
filter flows at all times, one or the other of the tubes must always be pass- 
ing current and hence the voltage 6/ applied 
to the filter input must be the rectified 
transformer voltage, which is a series of 
half sinusoids, as was shown in Fig. 14-6. 

The equation for this voltage from 0 to tt 
can be written as e / = V pm sin wt, which 
would be useful in determining I dc . How- 
ever, the filter is a complex network of 
elements, some of which have frequency- 
dependent impedances, and it becomes 
necessary to have a Fourier analysis of 6/ 
so that the effect of each frequency com- 
ponent can be found. In this case the 
Fourier series takes the form (see Art. 

6-16 and Prob. 15 in Chap. 6) 



7 ib 


e/ 


= V2V t 


( 2 _± 

\7T 37T 


cos 2crf — 


cos 4 at — 


) 


4 

15x 


(14-73) 



tifier with an L-section filter and 
a resistance load. ( b ) Equiva- 
lent circuit for (a). 


It is now a relatively simple matter to 
consider each voltage component as being 
applied separately to the input of the filter and to calculate the cur- 
rents which flow and the voltages across the load. 

The first term of the series is the d-c input to the filter. It is also the 
d-c output voltage since we are assuming for the present that there is no 
d-c drop in the filter or in the tube. Thus 


Ear. = 


2V2V t 


(14-74) 


The direct current flowing through the d-c path is then given by the 
equation 

2V2 V p 


I dc 


7 rR 


(14-75) 
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We may calculate the second-harmonic current flowing into the filter 
by dividing (the effective value of the second-harmonic voltage) by 
the filter’s input impedance Z / 2 for this frequency. This yields 

l "-k\ (14 - 76 > 

where 

z '.-*“ + o7srbsc (14 - 77 > 

In the well-designed filter the capacitor is large in order to bypass the a-c 
components around the load. Also the impedance of L will be large in 
order to offer a high impedance to these same components of current. If 
we specify the condition at this second-harmonic frequency, 


Xl Xc R 

Eq. (14-77) simplifies to 

Z/ 2 ~ j2o)L 

Substituting this into Eq. (14-76), we obtain 

T 

A 3x2 a>L 


(14-78) 

(14-79) 


(14-80) 


Since the reactance X c of the capacitor is very small compared with the 
resistance of the load, practically all the a-c components of current will 
pass through C instead of R. Hence we may write 

4V 

E 2 « I ft K c = 3 ^ 4 (14-81) 


as the magnitude of the second-harmonic voltage across the load. 

If the relation expressed in (14-78) is true for the second harmonic, it is 
an even better approximation for the fourth. The fourth-harmonic volt- 
age across the load can be found by a process similar to that for the second. 
Such a process yields 


F - 4 Yp 

4 15ir 16a > 2 LC 


(14-82) 


If we now find the ratio of the fourth-harmonic voltage to the second- 
harmonic voltage, many of the factors cancel out, yielding 

E - 35 - 5 % < 1M3 > 

Thus the ripple voltage is predominantly second harmonic, and for the 
sake of simplicity we shall assume it consists entirely of this harmonic, 
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The ripple factor can be written as 


7 = 


£2 

Edc 


V2 

12c o 2 L<7 


(14-84) 


Note that the ripple factor is independent of the load resistance. A graph 
of the ripple factor as a function of a > 2 LC is shown in Fig. 14-20, curve a. 

Earlier in this article the statement was made that under usual operat- 
ing conditions the current through the inductor does not fall to zero in 
this type of rectifier and filter. This 
is not necessarily always true, as can 
easily be proved by open-circuiting 
the load and observing the direct 
output voltage. Under these cir- 
cumstances, since no charge is being 
removed from the capacitor, the 
latter will charge up to the peak 
value of the a-c supply voltage. Edc 



will then equal V pm , and no tube 
current will flow. As the circuit is 
loaded, the output voltage de- 
creases rather rapidly until E dc 
reaches a certain value. The out- 
put voltage then becomes rather 
constant and approximately equal 
to the value calculated from Eq. 

(14-74). This means that when 
the load current becomes too small, 
the regulation of the circuit becomes 
very poor. The problem is to find 
how small a direct current can be 
supplied and yet have good volt- 
age regulation. Steps may then be taken to prevent the load current 
from falling below this value. 

If the inductor current is observed by means of an oscilloscope, it can 
be seen that when the direct current through the inductor (which is also 
the load current Ida) becomes smaller than the peak value of the ripple 
current through this same component, the value of E dc begins to rise 
rapidly as the load resistor is increased in value. This occurrence is 
related to the fact that the tube current has ceased to be continuous. 
Our problem is to find some means of preventing he from becoming less 
than the peak value of the inductor ripple current. 

The assumption has already been made that the current input to the 


ujILC 

Fig. 14-20. Ripple factor as a function 
of w 2 LC for a full-wave rectifier with (a) 
a single L-section filter, ( b ) a double 
L-section filter. 
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filter contained no higher harmonics than the second. We may then 
write the expression 

if = I dc + a/ 2 // 2 cos 2c ot (14-85) 

As Idc becomes smaller, the inductor current begins to cut off during a 
portion of the cycle if the negative peak value of f/ 2 is numerically greater 
than I dc . The critical condition is therefore 


he = V2 //, = / 




(14-86) 


Substituting values for I dc and I f2 from Eqs. (14-75) and (14-80) into 
(14-86), we obtain 


2 \/2 V p = 4V2 V p 
tR 37 r 2c oL 


(14-87) 


Solving for R, we have the relation 

R = 3o>L (14-88) 

If the frequency of the supply voltage is 60 cps, this becomes R = 1131L. 
An approximate form of this may be written as 

R « 1000L (14-89) 

where R is in ohms and L is in henrys. 

In some practical circuits the load current may vary all the way from 
full load to zero, and the regulation of the circuit will be poor unless some- 
thing is done to prevent I dc from falling below \/2 // 2 . This is easily done 
by permanently connecting a bleeder resistor across the output of the 
filter. The resistance of this bleeder should be not greater than 1000L 
ohms. Now if the external load is removed entirely, the bleeder will still 
continue to draw sufficient current to ensure good regulation. 

The use of the bleeder permits filter capacitors with lower voltage 
ratings to be used. Without the bleeder the capacitor should have a d-c 
rating of at least V pm volts, while with a bleeder it need be only as large 
as the direct- voltage output of the circuit, which is 2/tt times as large as 
V pm . The bleeder also satisfies a safety requirement. Unless there is 
always a d-c path between the terminals of the filter, the capacitor may 
hold its charge for a considerable length of time after the a-c input voltage 
is removed, and hence there is danger of electrical shock to anyone assum- 
ing the circuit to be dead. 

The formulas already developed can easily be changed to adapt them 
to the case where the plate resistance of the tube and the resistance R C h of 
the choke are to be taken into consideration. Equation (14-75) changes 
to 

(2 \/2/ir)Fp 

R + Rp + R C h 


Idc 


(14-90) 
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and Eq. (14-74) changes to the form 


Edr = 


2 y/2 V % 


R 

R + R p T- R c 


(14-91) 


The equation for the ripple voltage will remain approximately the same 
because R p and R c h are small compared with X ch in well-designed circuits. 

When gas tubes are considered, the tube drop acting as a battery merely 
serves to reduce the voltage input to the filter by a constant amount equal 
to Ed. Equations (14-75) and (14-74) then, respectively, take forms 


and 


_ (2 V2/t)V, - E d 
ic R + R ch 


(14-92) 


Edc = 




R 

R + Rch 


(14-93) 


The ripple voltage will again remain about the same since E d does not 
affect the harmonic content of the filter input voltage. 

It is sometimes desirable to use two L sections in cascade instead of a 
single section. This arrangement results in much better filtering. The 
harmonic output voltage for the second section can easily be found by 
using the harmonic output of the first section as the input to the second. 
By means of the assumptions made in (14-78) we can write the output 
second-harmonic voltage as 


4 V p 1 
3tt 4co 2 LxCi 4c o 2 L 2 C 2 


(14-94) 


The ripple factor then becomes 

_ y/2 1 1 

T ~ 48 w^iCxw^sCn 


(14-95) 


A graph showing the ripple factor for a two-section filter has also been 
plotted in Fig. 14-20. In order to use the same units for the abscissa as 
were used for the single section, the provision was made that the two 
sections have equal LC values. These curves make it quite obvious that 
a two-section filter is far superior to a single-section one if small values of 
7 are considered. 

14-10. Rectifiers with a II-section Filter. A capacitor-input, or 
H-section, filter is often used where the voltage output of an L-section 
filter would be somewhat too low. The output voltage of the II-section 
filter is almost equal to the peak value of the source voltage, while the out- 
put voltage of the L section is approximately equal to 2/tt of the peak of 
the source voltage. 
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Figure 14-21 shows the circuit for such a filter used with a half-wave 
rectifier. Briefly, its operation is as follows: Capacitor C 1 draws a pulse 
of charging current once each cycle, charging up to a value slightly less 
than V pm . Soon after the source voltage passes through its peak value 
and begins to decrease, the tube cuts off and the capacitor starts to dis- 
charge through the L-section filter that follows it. The voltage of C 1 con- 
tinues to decrease while the source voltage passes through its negative half 
cycle and then again becomes positive and equal to the capacitor voltage. 
Thereupon the tube starts to conduct and to charge C i back to its former 
voltage. This is quite similar to the action encountered in half-wave 

rectifiers with capacitor filtering. 

If the waveshape of the varying 
voltage across capacitor C\ could 
be expressed as a Fourier series, the 
analysis of this circuit would be 
rather simple. Because of the fact 
that it is difficult to determine the 
time when the tube begins conduc- 
tion and the time when it cuts off, the exact analysis becomes quite 
complicated. Therefore we shall use a rather simple approximate method 
which gives results good enough for most practical purposes. 

We continue with the half-wave case. The voltage across C 1 varies in 
approximately the same manner as did e R (Fig. 14-14) in the case of the 
simple capacitor filter. Thus, as a first approximation, Edc — V pm . 
However, if the current drawn by the load is at all appreciable, a better 
approximation is to use Eq. (14-51) to express the direct voltage at the 
input to the filter. Thus the direct voltage across the load becomes 


/in — 

— — 
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Fig. 14-21. A half-wave rectifier with a 
II-section filter. 


Edc = 



1 + ( 7 r/o>RC) R + R ch 


(14-96) 


where R c h is the total d-c resistance of the choke or chokes used. 

To determine the ripple factor, we shall consider the Fourier analysis 
of the current entering the filter rather than that of the voltage across the 
filter. This current, which in this case is the same as the tube current, 
would be expected to have a waveshape somewhat similar to that found 
for the capacitor filter in Art. 14-7. However, when the waveshape is 
observed by means of an oscilloscope, it will be found to look more like 
that shown in Fig. 14-22. The reasons for this variation in shape are due 
to the inductances of the transformer and choke. 

The constant, or d-c, term in the Fourier series is given by 



if doot 


(14-97) 
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The peak value of the fundamental-frequency current is 

2 f 2w 

I fim== 2 7 T Jo ^ COSo}i ^ wt (14-98) 

Equations (14-97) and (14-98) are obtained from the general Fourier 
method of calculating the coefficients for the series (Art. 6-16). The cur- 
rent through the tube in a well-designed power supply flows for only a 
small portion of the cycle. During this time cos cot in Eq. (14-98) is near 
its peak value and approximately equal to unity. Hence we may replace 
cos cot in this equation by unity to 
obtain a convenient approximation 

2 f 2 * 

If t m ~ 2 K j 0 dWt 

But by comparing this with Eq. 

(14-97) we see that it may be written 
as 

I fim « 2 I fde = 2 Uc (14-100) 
or 

/ A - y/2 I dc (14-101) 

In a practical filter C\ is very large 
and hence has a very low reactance 
compared with the reactance of the L section that follows it. Therefore, 
most of the alternating current will flow through Ci. The fundamental 
voltage across the first capacitor is then approximately given by 

(14-102) 



Fig. 14-22. Waveshape of the tube cur- 
rent for a half-wave rectifier with a 
II-section filter. 


If this is a well-designed filter, it is a reasonable assumption that the 
reactance X Cz of the second capacitor is very small compared with R. 
Hence the fundamental-frequency voltage across C i will be applied to C 2 
and L in series, and we may write for the inductor current 


E_h _ V2 Idc 

c oL co 2 LCi 


(14-103) 


and the fundamental output voltage is 

Ei ~ I ch X c 2 — 


V2I ic 


(14-104) 


The effect of each higher harmonic in the input current can be investi- 
gated by a slight modification of Eq. (14-98). For the nth harmonic this 
becomes 


7/ n m — 



if cos ncot dcot 


(14-105) 
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The derivation is exactly the same as for the fundamental except that the 
reactances of the various components must be computed for the frequency 
of the harmonic. The final result for the nth-harmonic output voltage 
will then be 


E n ~ •y/2 


I dc 

(nuyLCiCt 


(14-106) 


For the case of the second harmonic we may compare Eqs. (14-106) and 
(14-104) to see that the ratio of the magnitude of the second harmonic to 
that of the fundamental is 


E% 1 

E i ~ 8 


(14-107) 


This is a justification for assuming that the ripple voltage across the load 
is entirely of the fundamental frequency. 

The ripple factor can be calculated from the ratio of Ei to E dc . Thus 


Ei _ V2I dc 1 _ v'2 

7 ~ Ei, a SLCiCi IdcR a'LCiCiR 


(14-108) 


If it is desired to use a II-section filter with a full-wave rectifier, the 
foregoing procedure can be followed in order to find the expressions for 
E dc and the ripple factor. From the analysis for the case of the simple 
capacitor filter (full wave) we can write the direct output voltage across 
the load as 


Edc 


V pm R 

1 4" (7r/2c oRC) R -f- Rch 


(14-109) 


Because of the two identical pulses of current per cycle, the lo west- 
frequency a-c component is the second harmonic. We may compute this 
second-harmonic ripple by using Eq. (14-106) and hence obtain the ripple 
factor as 


V2 

7 ~ Hco 3 LC\C\R 


(14-110) 


This result is one-eighth that found for the half-wave rectifier. 

14-11. Applications of Diode Rectifiers. We have now completed a 
theoretical study of diode rectifiers using various filter arrangements. In 
general it has been found that the unilateral characteristic of the rectifier 
has caused considerable difficulty in the process of analysis, even when 
this has been simplified by making suitable approximations. Without 
this tedious work, however, we would not be in our present advantageous 
position of knowing the characteristics of the various circuits. We can 
now better judge the applications to which the devices can be put. 

Uses of the high-vacuum rectifier with a resistance load and without a 
filter are few. It is possible to employ it in electrolytic processes, but it 
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would usually be better to use a gas diode instead. For hot-cathode gas- 
diode battery chargers the battery emf adds to the E d of the tube. The 
current is limited by the leakage reactance of the transformer and perhaps 
by a series resistor. The theory is a modification of that of Art. 14-6. 

Rectifiers used with X-ray or other high-voltage equipment often draw 
only a small current, and the filtering needs are adequately met by the 
use of a simple capacitor filter. The series-inductor filter is seldom delib- 
erately used, but the filtering action described in Art. 14-8 occurs inad- 
vertently in some circuits because of an inductive load or the leakage 
inductance of the transformer or of the inductance of the power-generat- 
ing equipment. 

The L- and II-section filters are very effective when used with either 
high-vacuum or gas diodes. Between the two filters the latter produces 
a higher d-c output voltage for the same a-c supply voltage, but the 
regulation is poorer with changing load resistance. Furthermore, the 
high peak tube currents associated with the II filter make it necessary 
that some impedance be placed in series with a gas tube to limit this cur- 
rent value. This impedance may be supplied in some cases by the power 
transformer in the form of resistance and leakage reactance. Other con- 
siderations may also be involved, but the choice between the two is often 
on an economic basis. 

If the direct current to a constant load impedance is to be variable, the 
secondary of the power transformer may be provided with taps or 
alternatively the primary may be supplied with an alternating voltage of 
controlled value. It is often more satisfactory to replace the diode rec- 
tifier by one employing triodes, generally of the gas type. 

14-12. Grid -controlled Rectifiers. When diodes are used as rectifiers, 
the usual methods for controlling the amount of direct current to a fixed 
load are either to vary the amplitude of the alternating source voltage or 
to place a variable resistance in series with the load. For many applica- 
tions these methods would prove to be very unsatisfactory. A far better 
system might be to use thyratrons or ignitrons and control the firing angle. 

Since the critical grid voltage for a thyratron can usually be taken as 
zero and since the breakdown voltage is usually small compared with the 
plate-supply voltage, no great error is introduced if we assume that the 
tube can have a maximum conduction angle of 180°. The average, or 
direct, current in the plate circuit of a thyratron which fires at an angle 
0i and is supplying a resistance load R L can easily be calculated if we 
assume the tube to have zero voltage drop across it. Hence 

w = h l 4 dwl = L i v € sin dut = fe (1 + cos 6i) 

(14-111) 
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We may obtain the expression for the maximum obtainable direct current 
by setting <?i = 0. 


/ 


(iCniax 


irRi 


(14-112) 


Thus we may vary the d-c output of the thyratron from the maximum 
value 7 dCmax to zero by merely varying the angle 0i at which the tube fires. 
Ratio wise, 


I dc, 


1 + cos 0i 


dcmax 


(14-113) 


14-13. D-C Control of Thyratrons. The circuit diagram for a thyra- 
tron connected for d-c control is shown in Fig. 14-23. Its firing char- 
acteristic is shown in Fig. 14-24. If 
the grid of the tube is biased to the 
voltage E c shown in (a), the tube will 
not fire. As the negative grid bias is 
reduced toward zero, nothing happens 
until it reaches the value of E ' c . The 
grid bias then equals the critical value 
just as the plate voltage attains a 
maximum. The tube will then start 
to conduct and will pass current 
until the plate voltage falls to zero. 
Hence the plate current is represented 
by quarter sinusoids as shown in Fig. 14-246. As the bias is reduced 
still further, the tube fires earlier in the cycle and the average 
plate current increases. The ignition angle may be advanced to the 
point where the tube conducts for 180°. This results in the maximum 
direct current that the tube can pass when using a particular source- 
voltage-and-load combination. 

This is a rather unsatisfactory type of control, not only because the 
ignition angle can be varied only from 0 to 90°, but also because the opera- 
tion may be rather erratic. The actual firing characteristic is very close 
to the zero-voltage line and almost parallel to it. Hence a very slight 
drift in E c may cause the firing angle to change considerably. 

14-14. On-Off Control. Because of the above shortcomings, d-c con- 
trol is used only in applications where the thyratron can act as an on-off 
switch and where continuous control of the average current is not needed. 
The tube action is then similar to that of a relay and a rectifier. 

The circuit of Fig. 14-25a illustrates on-off control. When the switch 
S is open, the tube is biased negatively to such a value that the discharge 
cannot be established at any time during the cycle. When the switch is 



Fig. 14-23. Direct-current control 
of a thyratron. 
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closed, the grid potential becomes practically that of the plate. Hence 
the tube will fire when the supply voltage becomes positive and will con- 
tinue to conduct until the end of the half cycle. It fires at the beginning 
of every positive half cycle thereafter as long as the switch is closed. 
Figure 14-255 shows a similar circuit which fires as long as the switch is 
open but will not fire when the switch is closed. 

14-15. Phase -shift Control. One of the most widely used and more 
satisfactory methods of varying the current through a thyratron is known 





Fig. 14-24. Waveshapes illustrating d-c control of a thyratron. 

as phase-shift control. This control is accomplished by applying an 
alternating voltage to the grid of the tube as well as to the plate. The 
phase angle between these two voltages is varied so that the grid voltage 
lags the plate voltage. An examination of Fig. 14-26 will disclose how 
changes in this phase angle affect the conduction angle of the thyratron. 
If the two voltages are in phase, the tube conducts for 180° and the direct 
current, which is the maximum obtainable, can be calculated by means of 
Eq. (14-112). If the grid voltage lags the plate voltage by an angle 0i, 
the current can be calculated by using the relation (14-113). Should the 
grid voltage lead the plate voltage, the tube conducts for 180°, the grid 
having no control. 



438 


ENGINEERING ELECTRONICS 


A simple way to shift the phase of an alternating voltage is to impress a 
polyphase set of voltages on the stator windings ot a polyphase motor 
with a single-phase rotor. The phase of the voltage induced in the rotor 
will depend upon the position of the rotor, which may be rotated through 
360°. However, such a phase shifter, even though available, is not 



( 6 ) M ( d ) 

Fig. 14-25. On-off control of a thyratron. Fig. 14-26. Waveshapes illustrating 

phase-shift control. 



Fig. 14-27. A thyratron with phase-shift control. 


always the most economical or the easiest to use; hence other methods are 
more common. 

One much used method of obtaining a variable phase shift uses the cir- 
cuit of Fig. 14-27. The transformer Ti supplies two sinusoidal voltages 
ViandVi. These are equal in magnitude and are in phase. This trans- 
former is used for control purposes only, and the power requirement is 
very small. T 2 is the transformer supplying the power to the load. Its 
secondary yoltage V p is in phase with Vi. 
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The grid-supply voltage Y g is obtained between the center tap of T x 
and the junction between the two impedances Zi and Z 2 . It is sinusoidal 
and is displaced by an angle 6 from V x . The actual grid voltage e g is 
equal to v Q if the tube is nonconducting, i.e ., during the period when the 
grid is in control. During the conduction period some grid current flows, 
and e 0 is lower than v g by the amount of the voltage drop in R g . Thus 
R g serves to limit the grid current to a safe value. Similarly, e b equals v p 
during the nonconducting period, 
although during the conducting 
period it is a constant equal to a 
few volts. 

We can determine the control- 
circuit operation by considering the 
circuit before breakdown occurs. 

Since the voltages in the control 
circuit are sinusoidal during this 
period, we can draw a vector diar- 
gram. We shall first write mesh 
equations for Fig. 14-27. The volt- 
age Vi 4* Vi causes a current I to 
flow through the two impedances Zi 
and Z 2 . Hence we may write 

V x Hr Vi = I(Zi + Z 2 ) (14-114) 

and 

V, =IZi-V 1 = Vi-IZ 2 (14-115) 

Figure 14-28 shows vector diagrams 
for various types of impedances Z x 
and Z 2 . It should be recalled that if the grid voltage leads the plate 
voltage the grid has no control and the tube will conduct for 180°. If the 
grid voltage lags the plate voltage, the grid does have control and hence a 
variable direct current can be obtained. 

In these diagrams it is assumed that when Zi is a pure resistance, Z 2 is 
a pure reactance; when Zi is a reactance, Z 2 is a resistance. If this is 
true, then IZi and IZ 2 must always be 90° apart. Hence, since Vi = Vi, 
it can be proved that Y g is constant in magnitude and that its locus is a 
semicircle. Therefore Y g must equal Vi. 

When the voltage Y g leads the voltage V i, the angle of lead can be com- 
puted from the circuit constants. Referring to Fig. 14-29 we see that 
angle OAB is an inscribed angle measured by one-half arc BC , while 
angle 6 is a central angle measured by all of arc BC, Therefore, angle 




Fig. 14-28. Vector diagrams for the 
phase-shift circuit. 
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OAB = y%d. We may then write 


. e _ ix c _ 1 

tan 2 “ IB ~ c oRC 


or the angle of lead is 


6 — 2 arctan 


C cRC 


(14-116) 

(14-117) 


Likewise for a lagging phase angle it can be shown that the angle of lag is 


6 — 2 arctan uRC 


(14-118) 


From equation (14-118) we see that either R or C can be varied from zero 

to infinity to change 6 from 0 to 180° lagging. 

These phase-shift circuits may be used in 
various ways. For instance, in the circuit of 
Fig. 14-27, Z 2 may be a resistor which can be 
adjusted manually, while Zi is a fixed capacitor. 
Or Z 2 may be an inductor and Z\ a resistor, 
either one variable. Sometimes it may be 
more desirable to connect a circuit as shown 
in Fig. 14-30. Here the saturable-core reactor 
acts as a variable inductance. As the current 
through the d-c coil is varied by changing the 
grid voltage for the high-vacuum tube, the impedance of the a-c coil 
changes and hence shifts the phase of the thyratron grid voltage. 

14-16. Bias Phase Control. For certain applications it would be very 
convenient to vary the firing angle of a thyratron over a limited range by 
means of a variable direct voltage. One method of doing this is known 



0 \ c 

Fig. 14-29. Vector diagram 
for a phase-shift circuit for 
V,; leading Vi by an angle 0. 



trolling a thyratron by a direct voltage. control. 


as bias phase control. Figure 14-31 shows this type of circuit. Both 
alternating and direct voltages are applied to the grid of the thyratron. 
The alternating voltage is given a fixed phase angle relative to the plate 
voltage, by means of the inductor and resistor in series across the line. 
The drop across the resistor lags the source voltage by an angle 6 which 
is determined by the relative magnitudes of Ri and coL. This a-c compo- 
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nent is additive to the variable direct voltage. Variation of the direct 
voltage merely has the effect of raising or lowering the alternating voltage 
relative to the zero-voltage axis, as shown in Fig. 14-32. This in turn 
results in the grid-voltage curve crossing the critical-voltage curve at 
different times depending on the magnitude and polarity of the direct 
voltage. 

This system finds limited use since the firing angle can be shifted reli- 
ably only over a range which is considerably less than 180°. 



(a) (b) 


14-17. The Ignitron as a Con- 
trolled Rectifier. The ignitron can 
also be used as a controlled rectifier 
if the igniter current can be supplied 
as a sudden high-peak pulse. Hence 
the ordinary phase-shift circuits 
cannot be used directly. 

It is usually customary to use a 
thyratron to fire the ignitron. This 



gives the sudden pulse of igniter 
current. Figure 14-33 shows a circuit 



Fig. 14-32. Waveshapes for bias phase Fig. 14-33. Ignitron circuit using a 


control. 


thyratron for firing. 


diagram of an ignitron which is fired by a thyratron. The thyratron in 
turn uses the common phase-shift circuit to vary its firing time. Thus the 
ignitron is controlled indirectly. 
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PROBLEMS AND QUESTIONS 

1. Use the characteristic curve shown in Fig. 14-2. (a) Calculate the approximate 

d-c plate resistance for the type 6H6 diode. ( b ) Draw the equivalent circuit for a 
half-wave rectifier using one diode of a type 6H6 tube, a load resistor of 5000 ohms, 
and a voltage source v p = 200 sin 377L (c) Calculate Idc, Edc , h, Fin, Pdc, P P , and ij 

for this circuit. ( d ) Are any of the tube-manual ratings exceeded? 
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2. One diode of a type 6X5 tube is to be used in a half-wave rectifier circuit as 
shown in Fig. 14-34. The d-c meters are of the d’Arsonval type, and the a-c meters 
are of the iron-vane type. Assume that the milliammeters have zero impedances 


A-c D-c 
6X5 ma ma 



and that the voltmeters have infinite impedances. The transformer turns ratio is 1 : 5. 
Consulting a Sylvania Technical Manual we find that this type of tube has a drop of 
22 volts when passing a current of 70 ma per plate, (a) What is the reading of the 
a-c milliammeter? ( b ) What is the reading of the a-c voltmeter? (c) What is the 
reading of the d-c milliammeter? ( d ) What is the reading of the d-c voltmeter? (e) 
How much d-c power is supplied the load? (/) How much power must the trans- 
former supply? ( g ) What is the rectification efficiency? 

3 . A type 5Y3 tube is used in a full-wave rectifier circuit as shown in Fig. 14-35. 
The Sylvania Technical Manual yields the information that the tube drop is 60 volts 

when the plate current is 125 ma per plate. 
Calculate (a) I d c, (b) E dc , (c) h, ( d ) P in , 
(«) Pp, (/) Pdc, (g) % (h) 4 max , the maxi- 
mum steady-state peak current per plate. 
(i) Are any of the tube ratings exceeded? 

4 . The connection to one of the plates 
of the 5Y3 used in the previous problem 
becomes detached. Calculate the quanti- 
ties called for in that problem. 

5 . A type 5U4 tube is connected in a rectifier circuit to supply a direct current of 

225 ma to a load. The transformer supplying the rectifier is such that v p = 500 sin 
377 1. The tube manual gives the information that the tube drop is 58 volts when the 
plate current is 225 ma per plate, (a) Calculate the plate power loss P p if the tube is 
to be connected in a half-wave circuit with the two halves of the tube connected in 
parallel. ( b ) Calculate Pdc for part (a), (c) Calculate the plate power loss if the tube 

is connected in a full-wave circuit, (d) Calculate P dc for part ( c ). 

6. The 5U4 tube in Prob. 5 is to be used to supply a load with a resistance of 
2000 ohms. The secondary of the transformer is such that V pm = 500 volts, (a) 
Calculate the plate power loss in the tube when connected as a half-wave rectifier with 
both halves of the tube in parallel. ( b ) Calculate the plate power loss when the tube 
is connected as a full-wave rectifier. 

7. The 5U4 tube of Prob. 5 is to be used in a rectifier circuit which must supply 
50 watts of direct power to a load for which the resistance is 500 ohms, (a) Calculate 
the plate power loss in the tube when connected as a half-wave rectifier with both 
halves of the tube in parallel. ( b ) Calculate the plate power loss in the tube when 
connected as a full-wave rectifier. 

8 . A type 83 tube is used in the circuit drawn in Fig. 14-7. The tube drop is 
15 volts when the tube is conducting. v p = 30 sin 377 1, and R = 100 ohms. Find 
(a) the ignition angle 0i, (6) the extinction angle 0 2 , (c) the direct current Idc, ( d ) the 
direct voltage Edc across the load, (e) the power loss in the tube. 
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9 . Repeat Prob. 8 except let V pm = 300 volts. 

10. A transformer, a tungar tube (a hot-cathode gas diode built for battery-charg- 
ing service), and a 0 . 5 -ohm current-limiting resistor are used in conjunction with a 
110- volt 60-cps source, to charge a storage battery. If the secondary of the trans- 
former supplies 20 volts rms and if the battery has a terminal voltage of 6 volts, 
calculate the direct current flowing through the battery. In order to simplify the 
problem, consider that the terminal voltage of the battery remains constant at 6 volts 
during the charging period. Ed = 10 volts. 

11 . Prove that the effective value of the alternating components of a saw-tooth 
wave is a/y/Z, where 2 a is the peak-to-peak value. 

12 . A type 6X5 tube is used as a half-wave rectifier with capacitance filtering as 

shown in Fig. 14-36. Calculate (a) 7 , ( b ) (c) Edc, and (d) Id C . ( e ) Consult the 

tube manual, and find the maximum allowable peak plate current for the tube. (/) 
Is the tube being used within its ratings? If not, what remedy would you suggest? 



Fig. 14-36. 


13 . In Fig. 14-37a, v p = 100 sin Z77t, R — 1000 ohms, L = 26.5 henrys. (a) Write 
the expression for i. A diode is inserted in the circuit as shown in Fig. 14-376. ( 6 ) 

Write the expression for neglecting the tube drop, (c) Sketch the approximate 
waveforms of the two parts of the current expression of part ( 6 ), and add to obtain 
the waveform of i b for the interval between t — 0 and t = }{q sec. ( d ) Estimate 
the value of 0 2 from the above waveshape, (e) Compute the average value of current 
I dc, using the appropriate formula. (/) Compute the effective value of the ripple cur- 
rent through the load. 


L 






444 


ENGINEERING ELECTRONICS 


14. A full-wave rectifier circuit is shown in Fig. 14-38. V v = 500 volts, / = 60 cps, 
and the tube drop is negligible. Compute I dc , I/ 2 , E*, / 2, and 7. 




10,000 

n 


16. If the filter for the circuit of Prob. 14 is built in two sections with each choke 
having an inductance of 10 henrys and each capacitor having a capacitance of 10 /*f, 
calculate the ripple factor. 

16. If the choke coils used in Prob. 15 each had a resistance of 100 ohms, and if 
the tube was a type 83, calculate the direct voltage across the load. Assume the 
tube drop to be 15 volts. 

17. A full-wave rectifier with simple inductance filtering supplies a resistance load 
as shown in Fig. 14-39. Calculate E dc and the ripple factor 7. Assume the tube and 



L =20 h 



choke to be ideal and that the ripple consists of the two lowest-frequency components 
present in the output. 

18. A full-wave rectifier with a single L-section filter employs a transformer which 
delivers a voltage of 400 volts rms from one end to the center tap. The filter capacitor 
has a reactance of 200 ohms at 60 cps, and the choke has a reactance of 5000 ohms at 
60 cps and a resistance of 100 ohms. The circuit uses a type 83 tube. No bleeder 
is used, (a) What is the minimum load current if good voltage regulation is to be 
maintained? ( b ) What is the direct output voltage when the load current is 100 ma? 
Do not neglect the tube drop or the drop due to the resistance of the choke, (c) If a 
bleeder was to be connected in the circuit, what should be its maximum resistance? 

19. It is desired to convert the L-section filter of Prob. 18 to a II-section filter. Use 
a capacitor similar to that employed in the L-section filter. Estimate the output 
voltage of the filter if I dc = 10 ma, by making the following calculations: (a) Estimate 
the change in voltage across the first capacitor by assuming linear discharge of that 
capacitor. ( b ) Approximate the direct voltage across the first capacitor. (Remem- 
ber the tube drop!) (c) Calculate the approximate output direct voltage by sub- 
tracting the direct voltage drop across the choke from the direct voltage across the 
first capacitor. (Note that, at best, this result is only a reasonable approximation.) 
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20. A full -wave rectifier circuit shown in Fig. 14-40 has the following components: 
Cl = 10 /if, Li = 10 henrys, C 2 = 10 /if, h 2 = 10 henrys, C 3 - 10 fii. Assume the 



chokes to have zero resistance, (a) Write an expression similar to that of Eq. (14-106) 
for calculating the nth-harmonic output voltage. (6) If Idc = 100 ma, calculate the 
ripple voltage I? 2 . 

21 . A type FG-17 thyratron at 40°C has a sinusoidal voltage of 2000 volts peak 
value applied to its anode. Sketch to scale one cycle of a sinusoidal voltage whose 
peak value is 2000 volts. Then, using information obtained from the firing character- 



Grid volts 
Fig. 14-41. 
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istic of an FG-17 (Fig. 14-41), sketch the critical grid voltage necessary to cause the 
tube to fire at any instant during the positive half cycle of the anode voltage. 

22 . Assume that the critical grid voltage for a certain thyratron is zero for all anode 
voltages. Find the average value of anode current when v p = 220 \/2 sin 377/, 
v 0 = 220 \/2 sin [377/ — (i r/3)], and Rl = 50 ohms. The tube drop should be con- 
sidered as constant at 15 volts. 

23 . A thyratron is connected in the circuit shown in Fig. 14-42. Calculate the 
firing angle 0i and the average load current. Neglect the tube drop, and assume that 
the critical grid voltage is zero for all anode voltages. 
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Fig. 14-42. 


24 . Figure 14-43 shows the circuit diagram for a grid-controlled rectifier using a 
type FG-17 thyratron whose firing characteristic is shown in Fig. 14-41. (a) What 

is the purpose of the time-delay relay? ( b ) Calculate the peak plate current if v p is 
the square wave shown, (c) The grid signal voltage is a series of short pulses as 
shown. Plot the plate-current waveform. ( d ) Calculate the average plate current. 
(e) Is the bias voltage necessary if the grid signal is to control the firing angle? (/) 



Fig. 14-43. 


Suppose that v g and v P are now replaced by two sinusoidal voltages v g ~ —1000 cos 
377/ volts and v p =■ 1000 sin 377/ volts. Estimate the peak grid current. ( g ) 
Calculate the peak plate current. ( h ) Plot the approximate plate-current waveform. 
(i) Is the bias voltage necessary? 
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26. The thyratron shown in Fig. 14-44 is to be phase-controlled by means of Z\ and 
Z A 10-henry inductor and a 10,000-ohm variable resistor are available. Is Z\ 



Fig. 14-44. 


or is Z 2 the inductor? Justify your choice by means of a vector diagram, (b) If 
the critical grid voltage is assumed to be zero for all anode voltages and the tube drop 
is zero, plot a curve of average anode current vs. the value of the resistance as the lat- 
ter is varied from 0 to 10,000 ohms. 

26. Repeat Prob. 25, using a l-/uf capacitor in place of the 10-henry inductor. 

27. Figure 14-45 is the circuit of a grid-controlled rectifier. Calculate the average 
value of the load voltage if the tube drop is zero and the critical grid voltage is zero. 



Fig. 14-45. 
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PHOTOELECTRIC CELLS 


15-1. Classification of Photoelectric Cells. The emission of electrons 
from solid matter under the influence of light was probably the first 
photoelectric effect observed by early scientists. It was first reported by 
Hertz in 1887 when he found that a spark gap illuminated by ultraviolet 
light would break down more readily than one not so illuminated. Elster 
and Geitel build the first practical photoelectric cells in 1889. They used 
the cells in a photometer. Since that time the photoelectric effect has 
received considerable attention from physicists, but it was not until the 
advent of talking motion pictures that the photoelectric cell came into 
widespread use. 

The purpose of all photoelectric cells is to convert light energy into 
electrical energy. Hence, we may classify these devices according to the 
manner in which they accomplish this result. 

Photoemissive Cells. This is the most widely used type of photoelectric 
cell. The sensitive surface (cathode) and the anode are enclosed in a 
glass or quartz envelope which may be highly evacuated or filled with an 
inert gas at a very low pressure. It operates on the principle that light 
falling on the surface of certain solids will cause the emission of electrons. 
The emitted electrons are then attracted to an anode in the tube and 
hence cause current to flow through the external circuit. The magnitude 
of this current is usually less than a few microamperes. The photoemis- 
sive cell is the type to be studied in this chapter. 

Photovoltaic Cell. This is probably the second most commonly used 
type of photoelectric cell. It is the light-sensitive element in lightmeters 
used by photographers to measure light levels in order to calculate expo- 
sure times correctly. It operates on the principle that an emf is generated 
by the action of the incident light on the sensitive surface. The photo- 
voltaic cell is also known as a barrier-layer cell. It will be discussed in 
more detail in Chap. 16. 

Photoconductive Cell. This device is one whose resistance changes with 
variations in the intensity of the incident light. It consists of a very thin 
film of selenium or certain metallic oxides between two electrodes. For 
mechanical strength the electrodes may be coated onto a flat piece of glass 
as shown in Fig. 15-1. Selenium is then vaporized onto the glass in such 
a fashion that it bridges the gap between the two electrodes. The action 
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of the photoemissive cell in an electrical circuit is that of a variable resist- 
ance whose magnitude depends upon the intensity of the light falling on 
it. This again is not an electronic tube, and it also will be treated in the 
next chapter. 

15-2. Fundamental Theory of Photoemission. 1 The theory of photo- 
emission is very complicated and by no means completely understood. 
However, for our purposes we may assume that the only difference 
between photoelectric emission and thermionic emission is the manner by 
which electrons near the surface of a solid are given the energy needed to 
free them from the boundary forces. In thermionic emission this energy 
comes from the heating process, while in photoelectric emission the energy 
comes from the light. 

The wave theory of light can be 
used to explain certain aspects of 
photoemission but runs into difficul- 
ties when used to explain others. 

For example, if we were to study 
the effects of varying the fre- 
quency (color) of the light falling 
on a photoemissive surface while 
keeping the intensity (energy) con- 
stant, we would reach the follow- 
ing conclusions: As the frequency 
of the light varies, the emission cur- 
rent changes. This effect can be 
explained by means of the wave the- 
ory of light. However, the veloci- 
ties with which electrons are emitted is dependent on the frequency of the 
incident light and decreases with increased frequency. Likewise it can 
be shown that the velocity of emission is independent of the light inten- 
sity. These latter facts concerning velocity cannot be explained by the 
wave theory but can be explained by the quantum theory of light. 
Hence light is treated as a wave motion and also as consisting of small 
particles. 

Quantum theory postulates that energy does not flow continuously 
but rather flows in discrete quantities or small packages. The energy in 
each package is known as a quantum. The amount of energy in a 
quantum is directly proportional to the frequency of the light and is given 
by the formula 

W Q = hf (15-1) 

where W Q is the quantum of energy, h is Planck’s constant and has a value 
6.624 X 10 -34 watt-sec per cycle, and / is the frequency of the light in 
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Fig. 15-1. Construction of a photo- 
conductive cell. 
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cycles per second. Thus we see that the energy per quantum is not the 
same for different colors of light. For example, a monochromatic blue 
light with a wavelength of 5000 A (1 A = 10 -10 m) has a frequency of 
6 X 10 14 cps, and the corresponding quantum has an energy of 39.75 X 
10- 20 watt-sec. This blue light can deliver energy only in bundles of this 
size. The total energy delivered over a given period of time must 
always be a multiple of the energy per quantum. Likewise a certain 
monochromatic red has a wavelength of 7500 A, a frequency of 4 X 10 14 
cps, and a quantum of 26 X 10 -20 watt-sec. Thus we see that the energy 



Wavelength 30 15 10 7.5 6 5 4.2 3.75 3.33 3 x 10 3 Angstrom units 

Fig. 15-2. Energy per photon as a function of the frequency of light. 

of the quantum of red light is much less than the energy of the quantum 
of blue light. 

A quantum of light energy is also known as a photon. If light is con- 
sidered to be made up of a procession of photons, it can readily be seen 
that the number of photons in a given beam will depend on the total 
energy per second of the light and on its frequency. If the number of 
photons in a constant-energy beam is plotted as a function of frequency 
or of wavelength (X = c/f, where X is the wavelength of the light, c is the 
speed of light, and / is the frequency), the straight line a showm in Fig. 
15-2 will result. The energy per photon for this same constant-intensity 
beam is shown by curve b. 

If the work function W w of a given material is expressed in watt- 
seconds, it can be indicated on the graph as shown in Fig. 15-2. Thus it 
would seem that light falling on the surface will cause no emission unless 
the frequency of the light is greater than 5.5 X 10 14 cps. At this fre- 
quency, which is that of a green light, the energy per photon is just suffi- 
cient to cause the emission of electrons. Above the frequency for green 
light the energy per photon is more than sufficient to cause emission ; and 
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since the energy of the beam is constant, the number of photons is less. 
If we assume that each photon causes the emission of a single electron, the 
emission current will decrease with increasing frequency as shown by the 
solid portion of the curve a in Fig. 15-2. The lowest-frequency light 
which can cause photoemission from a given material is known as the 
threshold frequency for that material. It is directly related to the work 
function of the material. 

While theoretically the photoemissive cell should have the response 
shown in Fig. 15-2, the actual response for several of the low-work- 
function elements is shown in Fig. 15-3. Note that these curves are con- 



Fig. 15-3. Spectral-sensitivity curves for several pure metals. 

siderably different from the predicted ones. There are several reasons 
for these variations. One reason is that our theory was based on abso- 
lutely pure material. The smallest amount of impurity may cause a 
considerable change in response, and since it is almost impossible to 
obtain pure materials, there is reason to expect considerable variation 
between actual and theoretical curves. A second reason is that two or 
more photons may give energy to a single electron, and hence emission 
starts at frequencies below the threshold value. A third reason, and a 
very important one, is that as the frequency of the incident light increases, 
so does the energy per quantum. This results in the freeing of lower- 
energy electrons. 

Present-day photocells seldom utilize the simple cathodes used for the 
curves of Fig. 15-3; rather, they use much more complex surfaces which 
give them greater sensitivity and more desirable color response. Such a 
cell is the cesium-cesium oxide-silver cell. A typical response curve is 
shown in Fig. 15-4, Note that the cell has two peaks in its color-response 
curve, which seems to indicate that there are two threshold frequencies. 
This is quite possible because of the complex nature of the surface. 
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While this type surface is probably the most common one used today, 
there are other types of cells which give quite different frequency-response 
curves. By proper choice of emitting material and by certain activation 
procedures the maximum response can be located in the blue end, in the 
red end, or in the middle of the spectrum. Thus in selecting photoelectric 
cells, the response curve of the cells should be studied in order to select one 
which will perform satisfactorily with the color of light to be used. 

16-3. The Vacuum Photoemissive Cell. Vacuum photocells or photo- 
tubes may vary considerably in physical size and appearance, but essen- 
tially they consist of a light-sensitive cathode and an anode to collect the 



2000 4000 6000 8000 10,000 12,000 

Wavelength - Angstroms 

Fig. 15-4. Spectral-sensitivity curve for a typical cesium-cesium oxide-silver cell. 

emitted electrons. Figure 15-5 shows a picture of several cells. In 
most photocells the cathode is a semicylindrical surface so arranged that 
light falls on its concave face. The anode is a straight wire running along 
the axis of the cylinder. 

When light of an appropriate color falls on the cathode, electrons are 
emitted. If a small voltage is now applied to the anode, a small current 
flows. As the voltage is increased, the current increases quite rapidly. 
This is because, for small anode voltages, the current is space- charge- 
limited. However, on reaching a certain anode voltage it is found that 
the current levels off and remains approximately constant thereafter. 
Vacuum photocells are usually operated in this saturated region. Figure 
15-6 shows a family of curves for the type 922 cell. Note that light flux 
in lumens is the parameter for this family. These curves correspond to 
the plate family for a triode. An examination reveals that the dynamic 
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Fig. 15-5. Photo emissive cells. 


TYPE 922 OR 917 



Fig. 15-6. Volt-ampere characteristic for a vacuum-type photocell. 

plate resistance for such a phototube is very high, being of the order of 
hundreds of megohms. The flatness of the curves also indicates that the 
plate current is almost independent of the anode voltage as long as oper- 
ation is above saturation. The vacuum cell may hence be considered as 
a constant-current generator whose output current is a function of the 
light intensity. 
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Incident light (lumen) 


Data were obtained from the curves of Fig. 15-6 to plot Fig. 15-7a. 
Here the light flux is taken as the independent variable while the anode 
voltage was held constant at 90 volts. Note tha* the current output 

increases linearly with increasing 
light intensity. It is practically 
independent of the anode voltage 
as long as this remains above the 
saturating value. 

15-4. The Gas-filled Photoemis- 
sive C ell. By introducing the proper 
amount of inert gas, a photoemissive 
cell can be made to have quite differ- 
ent characteristics from those of the 
vacuum type. Figure 15-8 shows a 
family of plate characteristics for 
such a tube. When a constant light 
flux falls on the cathode, the anode 
current increases with anode voltage 
until it reaches saturation just as it 
did in the high-vacuum type. How- 
ever, soon after reaching saturation 
the anode current again begins to 
increase with increased voltage. 
This is now a Townsend-type dis- 
charge. The increased current is 
caused by the ionization of gas 
molecules and by the bombardment 
of the cathode by positive ions. 
The latter process causes the freeing 
of electrons by secondary emission, 
which in turn causes an increase in 
anode current. In this manner it is 
possible to increase the anode current 
obtained from a photoelectric surface 
with a given light flux by a factor as 
great as 10. This process is also 
known as gas amplification. Efforts 
to obtain a gas-amplification factor 
of greater than 10 usually result in 
a glow discharge instead of a Town- 
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light 

( 6 ) 


(lumen) 


Fig. 15-7. Variations of emission cur- 
rent with light flux for (a) a vacuum- 
type cell, (6) a gas cell. 


send discharge, with resultant damage to the cathode. 

Examination of the curves of Fig. 15-8 shows that the dynamic plate 
resistance of a gas-filled phototube is much less than that for a high- 
vacuum tube. Also an examination of Fig. 15-76 shows that the relation- 
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ship between light flux and anode current is no longer linear. This is 
somewhat of a disadvantage but is not too serious since it remains approx- 
imately linear for small light variations. 

The most serious disadvantage of the gas-filled phototube is its loss of 
sensitivity for h-f light variations. This loss is caused by the time lag 


U 1U dV 50 40 50 60 70 80 90 100 

Anode voltage (volts) 

Fig. 15-8. Volt-ampere characteristic for a gas-type photocell. 
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Fig. 15-9. Response of a gas photocell as a function of the light-modulation frequency. 

between a change in light intensity and a change in current. This in 
turn is caused by the slowness of the positive ions in reaching the cathode 
to produce free electrons by secondary emission. The output of a gas 
phototube may begin to decrease for light-modulation frequencies above 
a few hundred cycles per second. Figure 15-9 shows the frequency 
response of a typical gas-filled phototube. 




456 


ENGINEERING ELECTRONICS 


15-5. Sensitivity of Photoemissive Cells. The sensitivity of a photo- 
emissive cell can be expressed in two ways. One is the spectral sensitiv- 
ity, which is defined as the ratio of the total emission current to the total 
radiant power falling on the surface. This is usually stated in terms of 
microamperes per microwatt of incident light of a specified wavelength. 
The wavelength of the light will usually be such that it is somewhere near 
the peak response for the cell. 

A second way to express the sensitivity of a cell is by the luminous 
sensitivity. Most photocells are used with incandescent lights. Hence 
it is customary to use a tungsten-filament lamp operating at a color tem- 
perature of 2870°K as a standard. The luminous sensitivity is then given 
in microamperes per lumen of the incident light. There are two lumi- 
nous sensitivities. One is the static luminous sensitivity Sl , which is 
defined as the ratio of the direct anode current to the incident radiant 
flux L of constant value. In a similar manner we define dynamic lumi- 
nous sensitivity sl as the ratio of the varying anode current to the vary- 
ing component A L of the incident light flux. 

For vacuum cells the two luminous sensitivities are equal since the 
response of such a tube varies linearly with light intensity. For a gas- 
filled cell the dynamic luminous sensitivity is different from that of the 
static value. It may be found by calculating the slope of curve in Fig. 
15-76 at a given point, while the static value is the slope of the line joining 
the point to the origin. An examination of Fig. 15-9 shows that the 
dynamic luminous sensitivity will fall off as the frequency of the light 
variation is increased. 

15-6. Calculation of the Output of Photocells. The output for a high- 
vacuum phototube can be calculated by means of an equivalent circuit 
just as it was for the triode. However, since the phototube acts more 
like a constant-current generator, the parallel form of the equivalent cir- 
cuit is customarily used. Because of the high internal impedance of the 
vacuum phototube, the equivalent circuit becomes merely a constant- 
current generator supplying a load resistor. 

The gas- filled phototube, not being linear and having a varying 
dynamic luminous sensitivity, is usually treated graphically, as also can 
be the high-vacuum type. Figures 15-6 and 15-8 show load lines drawn on 
the plate characteristics for the vacuum and gas-filled phototubes. The 
treatment is identical to that for grid-controlled vacuum tubes, the only 
difference being that the light flux L is varied instead of the grid voltage. 

15-7. Spectral Response of Commercial Photoemissive Surfaces. It 
is sometimes desirable to have phototubes whose peak response occurs 
in different parts of the spectrum. At times it is desirable to have a 
response similar to that of the human eye, and at others it may be desir- 
able to have maximum response to red light or to blue light. 
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In order to simplify the specifications for different photoemissive sur- 
faces, the Radio Manufacturers Association (RMA) has set standards for 
various spectral-response curves. Figure 15-10 shows the responses of 
four such surfaces. Note that the S-l and S-2 surfaces respond very 



Fig. 15-10. Standard RMA spectral-response curves. 


nicely to incandescent light. Surface S-3 has a peak response in the blue, 
while S-4 has its peak in the near ultraviolet. 

In applications it is very important to select a cell which has high 
response in the spectral region in which the light source has high output. 
As an example, for use with an incandescent light, the S-4 surface would 
have very little response, while the S-l would give good response. 
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16-8. Applications of Phototubes. The phototube, either the high- 
vacuum or the gas-filled type, has high internal impedance and supplies 
a very small output current. Hence it cannot be used to supply directly 
a low impedance load such as a meter or a relay. However, by the use of 
a high-resistance load a relatively high output voltage can be obtained 
which can be applied to the grid of an amplifier tube and the amplifier- 
plate output used to operate the meter or relay. 

A typical circuit for a phototube used to close a relay is shown in Fig. 
15-11. When the light falling on the cell reaches a certain intensity, the 
relay will close. The resistor R g should be very high in value in order to 
obtain a high voltage output from the cell. However, it should not be 
too large, or stray electrons striking the grid will take so long to leak off 



that the grid may charge up negatively enough to cause the tube to block. 
The tube may be a medium-;* triode, which will allow an R g of 10 to 15 
megohms. The operating point for the tube is so adjusted that the relay 
will remain open until the right amount of light falls on the phototube’s 
cathode. 

Phototubes may be used in conjunction with small thyratrons to 
actuate relays or other electrical equipment. Figure 15-12 is the circuit 
diagram for such an application. Note that the thyratron is the shield- 
grid type because of its low grid current. Alternating voltage is used 
instead of batteries as in Fig. 15-11. This allows the phototube to regain 
control of the thyratron when the incident light falls below a predeter- 
mined value. 

16-9. Photomultiplier Tubes. 2 When phototubes are used at low 
light levels, the output of the tube is a very small current and may be a 
fraction of a microampere. If the tube is to be used to actuate a relay, a 
current amplifier must be used. A single stage may not be sufficient; so 
two or more stages may be necessary. If the light is slowly varying, the 
amplifier must be of the direct-coupled variety. This may become quite 




PHOTOELECTRIC CELLS 


459 


complicated since direct-coupled amplifiers are used only when they can- 
not be avoided. The photomultiplier tube was developed to eliminate 
the necessity of using direct-coupled amplifiers with phototubes. 

Figure 15-13 shows a cross-sectional plan drawing of a photomultiplier 
tube. The cathode k emits electrons when light falls on it. These elec- 
trons are accelerated toward the electrode A i by an electric field. When 
they strike A h they cause several secondary electrons to be freed. These 
in turn are accelerated toward A 2 , where each knocks out several more 
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Fig. 15-13. Cross-section plan drawing of a photomultiplier tube. 

electrons. Hence we can see that such a tube with nine dynodes (Ai, A 2 , 
etc., are called dynodes), each having a secondary-emission ratio of about 
5, will result in about 5 9 electrons arriving at the collector for each photo- 
electron. Thus such a tube gives a current amplification of approx- 
imately 2,000,000. 

The smallness of the input to the photomultiplier is limited only by the 
noise or random fluctuations of the output current. This random fluc- 
tuation results because the electrons do not strike the dynodes and col- 
lector at a uniform rate but act rather erratically and cause minute fluc- 
tuations in the d-c output. 
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PROBLEMS AND QUESTIONS 

1. Name the three photoelectric effects. 

2. What is a photon? 

3 . Calculate the energy per quantum for a red light having a wavelength of 7000 A. 

4 . What maximum work function can a surface have in order that a red light, 
whose wavelength is 7000 A, can cause photoelectric emission? 

5. What is the luminous sensitivity of the 922 photocell, the characteristics for 
which are shown in Fig. 15-6? 

6. The data for the curves of Fig. 15-6 were taken when light from an incandes- 
cent filament fell on the cell. Would the luminous sensitivity for daylight be the 
same as the value found in Prot. 5? 

7 . Calculate the static luminous sensitivity for the 921 cell for a light flux of 
0.05 lumen and an anode voltage of 70 volts (see Fig. 15-8). Does the value differ 
from that for the dynamic luminous sensitivity for the same light flux? 

8. A type 922 photocell is connected in series with a battery of 200 volts and a load 
resistor of 10 megohms. Find the change in anode current when the incident light 
is changed from 0.3 to 0.2 lumen. Repeat for a change from 0.3 to 0.27 lumen. 

9 . A type 921 gas photocell is connected in 
series with a 90-volt battery and a 10 megohm 
resistor. Find the change in anode current 
caused by a change in the incident light from 
0.1 to 0.06 lumen. 

10 . The photocell in Fig. 15-11 is of the 
vacuum type and has a luminous sensitivity of 
20 per lumen. The tube is a 6J5, Ebb = 160 
volts, and Rk is adjusted so that E cc = —8 volts. 
R g = 5 megohms. The relay has a resistance 
of 8000 ohms and closes when the current 
through it is 4 ma. How much light must fall 
on the cell in order to energize the relay? 

11 . The circuit of Fig. 15-14 is to be used 
to control the illumination in a room. The 

photocell is a type 922 and the amplifier tube a type 6J5. Ebb = 150 volts, 
R g — 0.47 megohms. The biasing resistor is adjusted so that the relay opens when 
the light falling on the cell is 0.1 lumen. The relay has a resistance of 5000 ohms and 
closes when the current through it is 5.0 ma. It opens when the current through it 
is 3.5 ma. (a) Find the value to which Rk must be adjusted. (6) How many lumens 
must fall on the cell to close the relay? (c) If the area of the window in the cell is 
0.313 in. 2 , calculate the variation in light intensity required to open and close the relay. 
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SOLID-STATE ELECTRONICS AND 
REACTANCE AMPLIFIERS 

16-1. Introduction. In recent years a number of devices have been 
developed to replace or to be used in conjunction with electronic tubes. 
These devices, while they do not involve the principles of conduction 
through gases or in vacuo , do involve theory similar to that for emission, 
have nonlinear characteristics, or exhibit other properties like those of the 
conventional electronic circuits. Some of them are classified under the 
heading of solid-state electronics. Among the devices to be discussed in 
this chapter are thermistors, blocking-layer rectifiers, and transistors. 
Magnetic amplifiers and dielectric amplifiers, while not usually classified 
under solid-state electronics, will also be discussed. 

Solid-state electronics is not a new branch of the electronic art. It 
dates back to the early days of radio and even precedes the vacuum tube. 
The early crystal detector used to detect “ wireless” waves was a form of 
a semiconductor which today we call a point-contact rectifier. It 
employed a fine wire, called a “cat whisker,” in contact with a lump of 
galena (lead sulfide), silicon, silicon carbide, or iron pyrites. Rectifica- 
tion took place at the point of contact, and since there was a wide range 
of sensitivities at various points on the crystal, considerable time was 
usually spent hunting the most sensitive spot. For this reason it was 
soon superseded by the vacuum tube. 

An early reference to another type of semiconductor was made by 
Fritt in 1883 when he observed the rectifying properties of a selenium- 
metal contact. In 1926 L. 0. Grondahl 1 discovered the rectifying 
properties of copper-copper-oxide contact. These two devices were used 
for the rectification of currents greater than a few amperes and today are 
known as dry rectifiers. 

16-2. Energy States in Solid Matter. In Arts. 2-2 to 2-5 we briefly 
discussed the structure of the atom and how some of the electrons became 
free. We also mentioned that if the energies of the free electrons could 
be measured at 0°K, they would range all the way from a value somewhat 
greater than zero up to a certain maximum value W m . The distribution 
of the energy among the electrons has been studied quite extensively. 
Several distribution functions have been proposed, but the one which 
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seems best to meet the physical requirements was developed inde- 
pendently by E. Fermi and P. A. M. Dirac and is known as the Fermi- 
Dirac distribution. 2 It is expressed in the form of an equation by 

KW* 

pw x + e (w ~ Wm)/kT 

where p w is the number of electrons per unit volume per unit range of 
energy, k is a constant of proportionality equal to 6.82 X 10 27 electrons 
per m 3 per electron-volt^, W is the energy in electron-volts, K is Boltz- 
mann’s constant, T is the temperature in degrees Kelvin, and e is the base 
of natural logarithms. 

When the Fermi-Dirac distribution is plotted for 0°K, the solid curve of 
Fig. 16-1 results. Note that the curve indicates that there are no elec- 
trons with zero velocity and that there are no electrons with energy 

greater than W m . It should also 
be noted that absolute zero does 
not denote the absence of all energy 
but rather indicates the condition 
of lowest energy content. 

As the temperature of the mate- 
rial is increased above 0°K, the 
higher-energy electrons are given 
additional energy and the distribu- 
tion function takes the form shown by the broken-line curve in Fig. 16-1. 
Now there are electrons with energies greater than W m . 

The value of W m is a characteristic of the material and is referred to 
as the Fermi level. Since it can easily be calculated for different mate- 
rials, it is often used as a reference level in comparing energies. W B is 
the energy that an electron must have in order to free itself from the 
forces at the surface of the material and thus become an emitted electron. 
The difference W B — W m = W w is the work function for that material. 

In a conductor the energy distribution at 0°K is shown in Fig. 16-2a, 
where there is a band of empty allowed energy levels above W m . If the 
material is heated, the electrons acquire additional energy and enter this 
allowed band. Or if the electrons are subjected to the action of an elec- 
tric field, they likewise acquire the needed energy to enter the allowed 
band and become conduction electrons. 

The energy-distribution curves for semiconductors and insulators are 
shown in Figs. 16-26 and c, respectively. In these two types of materials, 
it should be noted that at 0°K the substances have one or more low- 
energy bands, in which all available levels are filled, separated from a 
normally empty higher allowable-energy band by a third band of width 
W f. Evidence seems to indicate that the latter is never occupied by 



W m W £ Energy TF 

Fig. 16-1. Density of energy states in a 
solid at 0°K and at T° K. 
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electrons, and it is hence called a forbidden band. The difference 
between semiconductors and insulators is in the magnitude of Wf, For 
semiconductors W f may be only a fraction of an electron-volt, while for 
insulators it may be several electron-volts. 

In a semiconductor at 0°K there are no electrons in the higher-energy 
or unfilled band. Hence the application of a small electric field will not 
result in current flow. However, if the temperature of the material is 
gradually increased, nothing happens until the temperature reaches the 
point where some higher-energy electrons acquire an additional energy, 




Wq Energy 


Fig. 16-2. Density of energy states in (a) a good conductor, (6) a semiconductor, (<?) 
an insulator. 

greater than IE/, which enables them to enter the unfilled band, where 
they become conduction electrons. 

As the temperature is raised still more, the number of electrons avail- 
able for conduction rapidly increases and hence more current may flow. 
Thus we see that, since conductivity increases with temperature, the 
temperature coefficient of resistivity must be negative. This is one of 
the characteristics of all semiconductors. 

If the temperature of an insulator is increased sufficiently, it too acts 
like a semiconductor and becomes somewhat conducting. However, the 
temperature at which this action occurs is much higher than that required 
to cause conduction in a semiconductor. 

16-3. n-type and p-type Semiconductors. 11 The conductivity of a 
semiconductor may be greatly affected by the presence of impurities. 
For instance, 1 part per 10 ? 000 of certain impurities may increase the 
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conductivity of silicon by a factor of 10 7 . Other impurities in the ratio 
of 1 part per 100 may have practically no effect. 

Some impurities have filled energy states which are slightly below the 
unfilled band of the semiconductor and hence fall in the forbidden band. 
These electrons are not actually in the forbidden band of the semicon- 
ductor but instead are in a filled band of the impurity. This band is at 
such an energy level that it falls between the filled and unfilled bands 
of the semiconductor. This condition is shown in Fig. 16-3a. Here it 
can be seen that an amount of energy equal to Wd can raise some of the 
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Fig. 16-3. Energy states in a semiconductor showing (a) donator level, ( b ) acceptor 
level. 


electrons from the impurity up to the allowed band of the semiconductor. 
These electrons contribute to the current flow. The remainder of the 
impurity atom is a positive ion which is bound to a particular location in 
the solid material. Such an impurity is known as a donator impurity. 
The positive ion of the donator becomes neutral again when it absorbs 
another free electron. Hence the atom has a net negative charge. 
Because of this excess negative charge a semiconductor with such an 
impurity is known as an n-type semiconductor. 

It has been found that some impurities have empty allowed bands 
between the filled and the unfilled bands of a semiconductor, as shown in 
Fig. 16-36. Such unfilled bands may accept electrons from the filled 
bands of the semiconductor. Such impurities are called acceptor 
impurities. If the semiconductor is given sufficient thermal energy for an 
electron to be raised from its filled band to the acceptor unfilled band, the 
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semiconductor is left with a “hole” in its normally filled band. This 
hole can be filled by an electric field causing the passage of an electron 
from a neighboring semiconductor atom. This then leaves the neighbor 
with a hole which is filled from another neighbor, etc. An atom with 
such a hole has a net positive charge. Hence we refer to the hole as 
having a positive charge. Such a semiconductor appears to be con- 
ducting by the motion of the positive charge, or hole; hence we call it a 
p-type, or hole, conductor. 

Whether a semiconductor is of the p-type or the n-type is governed by 
the impurity used. The two most common types of semiconductors are 
silicon and germanium. These are elements in the fourth group of the 
periodic table. It has been found that the addition of an impurity from 
the third group, such as boron or aluminum, will give p-type conduc- 
tivity. Addition of an impurity from the fifth group, such as phosphorus 
or antimony, gives n-type conductivity. 

16-4. Thermistors. 3 Thermistors, or thermal-sensitive resistors, are 
semiconductors made in such a way that their negative coefficient of 
resistance is large throughout a desired range of temperatures. They 
find many uses in present-day electrical-engineering practice. These 
uses may include time-delay devices, protective apparatus, power- 
measuring devices, and detectors of small radiant power. In many 
applications thermistors are used because they are simple, small, and 
rugged, have a long life, and require little or no maintenance. 

Any semiconductor may be used as a thermistor. However, in order 
to obtain a high negative temperature coefficient of resistance in a par- 
ticular temperature range, they are usually made of a mixture of various 
metallic oxides. The oxides, which have first been extruded or pressed 
into a bead, rod, or disk, are heated at such a temperature that they sinter 
into a strong, compact mass. Contact wires are then fused or soldered on. 

Thermistors may change resistance as much as 4.6 per cent per degree 
centigrade at room temperature. One particular rod-type thermistor has 
a temperature coefficient of resistance of —0.043 ohm per °C at 25°C. 
From 0 to 300°C the resistance changes from 145,000 to 85 ohms. The 
resistance in this case decreases by a factor of more than 1500. For 
comparison, the resistance of a typical metal such as platinum will be 
increased by a factor of only 2 over this same temperature range. Figure 
16-4 shows how the resistance of a typical thermistor material varies with 
temperature. 

If current is passed through a thermistor, there will be an PR loss in the 
device which will result in an increase in its temperature. This rise in 
temperature will in turn result in a decrease in the resistance of the 
thermistor and hence a decrease in the voltage drop across it. Figure 
16-5 shows the volt-ampere characteristic for a typical small thermistor 
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bead. As the current first increases from zero, the drop across the bead 
likewise increases. This is because the current through the bead is not 
causing sufficient power loss to heat it appreciably. As a result, the 
voltage increases almost linearly with the current. The temperature 



Fig. 16-4. Resistance-temperature curve of a typical thermistor and of platinum. 
( Courtesy of Bell Laboratories . 3 ) 


of the bead is indicated by the numbers on the curve. A point is finally 
reached where the power loss in the bead is sufficient to cause considerable 
heating of it and the voltage commences to decrease with temperature. 

Variable time delay for a small relay might be achieved by using a 
thermistor and an adjustable voltage source to actuate a relay as shown 

in Fig. 16-6. If the relay is so ad- 
justed that it will close with a 5-ma 
current, it will be actuated in 0.25 
sec if the applied voltage is 80 volts, 
in 1.0 sec if the voltage is 50 volts, 
and in 5 sec with a voltage of 30. If 
other delay characteristics are de- 
sired, one may select another therm- 
istor from the many types available. 

Another application for thermis- 
tors is shown in Fig. 16-7. Thisisan 
amplifier with negative feedback so 
arranged that the circuit provides 
constant output with negligible dis- 
tortion for a wide range of signal input. The over-all gain of the circuit is 
regulated by the thermistor, which varies in resistance with output in such 
a way that the amount of feedback is varied to compensate for changes 
in input-signal level. 

16-5. Point -contact Rectifiers. 4 When vacuum diodes are used in 
very high radio-frequency circuits, the interelectrode capacitances may 



Fig. 16-5. Static volt-ampere curve for a 
typical thermistor. ( Courtesy of Bell 
Laboratories . 3 ) 
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cause considerable difficulty. Point-contact rectifiers, on the other hand, 
have very little capacitance between terminals; they can pass reasonable 
magnitudes of current and require no filament-power source. For these 
reasons the point-contact rectifier has replaced the vacuum tube in some 
electronic circuits. 



Fig. 16-6. Current vs. time curves for six values of the battery voltage in the circuit 
shown in the insert. ( Courtesy of Bell Laboratories . 3 ) 


The materials used for most point-contact rectifiers are either silicon 
or germanium contacted by a sharply pointed tungsten wire. The whole 
device is enclosed in a ceramic or glass shell as shown in Fig. 16-8. These 
devices are more commonly known as germanium or silicon crystals, 
crystal diodes, or crystal detectors. 

In the manufacture of germanium 
crystals, germanium dioxide is first 
reduced by heating to an amorphous 
gray poAvdery form of the pure 
metal. This powder is then melted, 
along with the proper amount of im- 
purity, to form the desired type of 
semiconductor. If a p-type is being 
made, the impurity might be alumi- 
num, boron, or any other element 
from group III of the periodic table, 
purity is any element from group V of the periodic table, such as arsenic or 
phosphorus. When the semiconductor has cooled, it is sliced into wafers 
about 2 or 3 mm square and 0.5 mm thick. These wafers are then ground 
and polished on one side to form the active element. The unpolished side 



Fig. 16-7. Circuit showing the use of a 
thermistor in a feedback loop to provide 
automatic gain control. 
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is then soldered to a large-area base electrode. Contact is made to the 
polished side by means of the sharply pointed wire. 

The complete theory of operation for point-contact rectifiers is too com- 
plex to give in its entirety. However, an approximate, and necessarily 
incomplete, explanation will help in understanding the characteristics of 
these useful devices. 

When a metal and a semiconductor are brought into contact, a contact 
difference in potential will result, as explained in Art. 2-8. More elec- 
trons flow from the material with a low work function to the material with 
the high work function than flow in the reverse direction. This results in 

the high-work-function material 
attaining a negative potential relative 
to the low-work-function material. 

In the case of an n-type semiconduc- 
tor contacted by a tungsten wire, the 
tungsten has the higher work function 
and becomes negative relative to the 
crystal. However, unlike a metal, 
the semiconductor has a very limited 
number of free electrons available for 
current conduction. Hence, when the 
semiconductor reaches an equilibrium 
potential, there is a layer in the semi- 
conductor, around the point of con- 
tact, from which all electrons have 
been removed. Other electrons from 
the semiconductor cannot enter this 
layer because of the repulsion of 
the negative charge accumulated on 
the tungsten point. This layer is known as the blocking layer and may 
be between 10 -3 and 10 -4 mm thick. It is this blocking layer which 
causes the crystal rectifier to have a unilateral characteristic. 

When voltage is applied between the contact wire and the semiconduc- 
tor, the device may pass current or it may block, depending upon the 
polarity and magnitude of the applied voltage. If the semiconductor is 
made negative with respect to the contact wire, electrons will flow from 
the tungsten to the external circuit and thus remove the negative charge 
from the contact metal, which repelled the free electrons in the semicon- 
ductor. This action wipes out the blocking layer, and hence a current 
can flow which is impeded only by the bulk resistance of the semiconduc- 
tor. If the semiconductor is made positive with respect to the tungsten 
contact wire, electrons flow from the external circuit to the tungsten and 
hence increase the negative charge in this metal at the point of contact. 



Fig. 16-8. Construction 
manium diode. 
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This charge has the effect of increasing the thickness of the blocking layer. 
Since there are no free electrons in the blocking layer, there can be no cur- 
rent flow through it unless electrons in the metal have enough energy to 
overcome the restraining forces and pass from that metal to the semicon- 
ductor. Since the thickness of the blocking layer increases with potential 
difference, the voltage required to cause conduction in the reverse direc- 
tion is quite high. Thus point-contact rectifiers have relatively low 
resistance in one direction and an extremely high resistance in the reverse 
direction. Figure 16-9 shows the 
volt-ampere characteristic for a 
type 1N34, which is an n-type 
germanium diode. 

If the contacting metal has a 
lower work function than the 
n-type semiconductor, the device 
will not rectify since no blocking 
layer can be established. For a 
p-type crystal the work function 
of the contact must be less than 
that of the crystal or no blocking 
layer will be set up. 

When the germanium diode is 
used as a detector, the forward 
resistance is considerably lower 
than that of the usual vacuum 
tube. Its back resistance is not as 
great as that for the vacuum tube, 
and hence this latter fact may 
limit it to particular applications. 

16-6. Large-area Rectifiers. 1 ’ 5 Large-area rectifiers, usually known 
as dry rectifiers, operate along the same principles as does the point- 
contact rectifier. They utilize the unilateral characteristic of a blocking 
layer developed in a semiconductor. They usually consist of a layer of 
semiconductor bonded onto a metal base with electrical contact being 
made to the semiconductor and to the metal base. The contact to the 
semiconductor is a large-area one under considerable pressure. Rectifica- 
tion depends upon the blocking layer established at the surface of the 
semiconductor when the correct polarity of voltage is applied. 

One of the most common types of dry rectifiers is the copper-cuprous 
oxide cell developed by Grondahl in 1926. The cuprous oxide is formed 
on one surface of a copper washer by heating it to a high temperature in an 
oxidizing atmosphere. The oxidized washers are then stacked alter- 
nately with soft lead washers and then placed under pressure. Connec- 



Fig. 16-9. Volt-ampere characteristic for 
a type 1N34 germanium diode. Note the 
changes in scale. 
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tions are made to the bottom copper washer and to the top lead washer as 
shown in Fig. 16-10. 

A typical volt-ampere curve for a copper-oxide rectifier is shown in 
Fig. 16-11. Each disk can withstand about 8 to 10 volts in the reverse 


Cuprous oxide 



Fig. 16-10. Construction of a large-area copper-cuprous oxide rectifier, (a) A single 
disk. (6) The assembled unit. 


direction; hence, to rectify 100 peak volts, at least 10 disks would have to 
be stacked. One drawback of such a device is that it cannot operate at a 
temperature above about 45°C. For this reason it is built so that the 

copper disks extend out beyond the 
boundaries of the oxidized area in 
order to make the disks serve as 
cooling fins. 

The selenium rectifier, which is 
used in many small radios, is built 
on a similar principle. The selenium 
is deposited on iron disks which 
are then stacked with lead washers 
and placed under compression. The 
selenium rectifier can operate at 
temperatures up to 75°C and will 
withstand back voltages as great as 
25 volts per disk. This allows them 
to be more compact, for a given elec- 
trical capacity, than is the copper- 
oxide rectifier. 

16-7. Varistors. When four rectifiers, either the small-area or the 
large-area type, are connected in a bridgelike arrangement as shown in 

Fig. 16 - 12 , they are known as a varistor. Among the various circuits in 



Fig. 16-11. Volt-ampere characteristic 
for a single copper-cuprous oxide disk. 
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which they are used is the a-c milliammeter shown in Fig. 16-1 2a and the 
modulator shown in Fig. 16-126. 

16-8. Transistors. 6 ’ 11 The transistor is a semiconductor used in such 
a way that it can amplify voltage, current, or power without the use of 



Fig. 16-12. Varistors used (a) to convert a d-c milliammeter for use with alternating 
current, ( b ) as a modulator. 



Germanium 


vacuum tubes. One form of such a device, known as a type A transistor, 
is shown in Fig. 16-13. It consists of two adjacent metallic points making 
rectifying contacts with a small slab of germanium. The third contact is 
a large-area one which comprises the Collector 

base electrode. The point contacts i 
are called the emitter and the collector 
and are input and output terminals, 
respectively. 

Either n-type or p-type germanium 
can be used as the semiconductor. 

The only difference in the circuits 
for these two types is in the polarities 
of the biases for the emitter and 
collector. The emitter must always 
be biased in the conducting or forward 
direction, while the collector is biased 
in the nonconducting or reverse direc- 
tion. The biasing arrangements for 
the two types are shown in Fig. 16-14. Fig. 16-13. Cutaway view of a 

Only the n-type transistor will be translstor - 

discussed here, but the action of the p type is quite similar except that 
account must be taken of the fact that in the p-type crystal we have hole 
conduction while in the n type we have electron conduction. 

In the article on point-contact rectifiers the impression might have been 


■ 
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given that conduction in an n-type crystal is entirely by electrons. This 
is not the case, because if it were, transistors could not work. Actually, 
when a point-contact rectifier is biased in the forward direction, the point 
injects a comparatively large number of holes into the crystal. These 
holes drift toward the negative terminal and may reach it, or they may 
recombine with an electron en route and again become neutral. 

In the case of a transistor, the collector is biased in the reverse direction, 
and hence it may appear that it should not pass current. However, the 
emitter is biased in the forward direction and does pass current, injecting 
a considerable number of holes into the crystal. These holes, being pos- 
itive in polarity, will drift over toward the collector, which is more nega- 
tive than the base electrode. On arrival they remove electrons from the 



(a) (6) 

Fig. 16-14. Circuit arrangement for transistors when used as amplifiers. 


collector, which results in collector-current flow. Since the number of 
holes injected by the emitter depends on the emitter current, the larger 
this current the larger will be the collector current. In addition to the 
hole current, the positive charge around the emitter results in the estab- 
lishment of a positive space charge surrounding the collector. This space 
charge tends to pull electrons from the collector and hence to increase the 
collector current. The net result is that the collector current is greater 
than the emitter current, which means that we have current amplification. 
By the proper choice of load resistors, voltage amplification can be 
accomplished. 

Another type of transistor which has been developed has characteristics 
which differ somewhat from those of the A type. This new transistor is 
made in two forms, one of which is known as the p-n-p type and the other 
as the n-p-n type. Both types are known as junction transistors. 

The p-n-p type is made by sandwiching a very thin layer of n-type 
germanium between two pieces of p~type germanium. This is actually 
done by using a relatively long piece of p-type germanium and converting 
a very thin layer, midway along its length, into n-type germanium by 
nuclear bombardment. One of the p-type sections serves as the emitter, 
the other as the collector, and the n-type layer as the base. The emitter 
electrode biased in the conducting direction. Under these circum- 
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ic) (d) 

Fig. 16-15. Static characteristics for a typical transistor. (W. Shockley , Bell Tele- 
phone Laboratories , Inc., “ Electrons and Holes in Semiconductors pp. 38, 39, D . Van 
Nostrand Company , Inc., New York, 1950. By permission.) 


stances it has been found that there is hole injection into the n-type ger- 
manium just as there was in the case of the type A transistor. The other 
section of p-type germanium is biased in the nonconducting direction, 
and hence it acts as the collector. 

The n-p-n type transistor is similar in construction to the p-n-p type, 
the only difference being that the former consists of a layer of p-type ger- 
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manium sandwiched between two sections of n-type germanium. The 
polarities of the biases must be the reverse of those for the p-n-p type. 

Figure 16-15 shows families of static characteristics for a typical point- 
contact-type transistor. Note that, like electronic tubes, these are not 
linear devices, but when operated over limited regions, they can be con- 
sidered approximately linear. Hence an equivalent circuit may be useful. 
In order to find such an equivalent circuit, we may express the equations 
for the static characteristics in functional form. Thus 


and 


Ve = MIeJc) (16-1) 

V c = MIeJc) (16-2) 


where V and I signify steady values. 

We may write the total differentials of these two functions in the 
approximate forms 

AV, = ~ A I. + AI C (16-3) 

and 


at/ _ e a t dVc A r 
AVc ~ di e A7e + dh AIc 


(16-4) 


But if we let the incremental quantities be the instantaneous alternating 
values of voltage and current and note that the partial derivatives are 
the slopes of the characteristic curves and have the dimensions of resist- 
ance, we may write Eqs. (16-3) and (16-4) as 

v e — v ee t e *f- r ec i e (16-5) 

v c = r ce i e + r cc i e (16-6) 

where r ee = dV e /dI e is the slope of the curve in Fig. 16-15a at a given 
operating point. r ec = dV e /dI c is a mutual resistance and is the slope of 
the curve in Fig. 16-156 at the operating point. r ce = dV c /dI e is the 
slope of the curve of Fig. 16-15c, and r cc = <9 V c /dl c is the slope of the 
curve of Fig. 16-15d. 

An equivalent circuit may be drawn from Eqs. (16-5) and (16-6). This 
has been done in Fig. 16-16a. Another form of equivalent circuit has 
been drawn in Fig. 16-166. It can be easily shown that these two circuits 
give identical results if we make 


Te Tee T ec (16-7) 

n = r ec (16-8) 

T c = Tec — T ec (16-9) 

T m = T ce — r ec (16-10) 
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r e is known as the emitter resistance, r b is the base resistance, r c the collec- 
tor resistance, and r m the mutual resistance. Typical values of these 
resistances are r e « 250 ohms, r b ^ 300 ohms, r c « 20,000 ohms, r m « 
35,000 ohms. 

When a transistor is connected as an amplifier, the equivalent circuit 
becomes quite simple. Let V 0 be the open-circuit voltage and R c be the 
internal resistance of the input-signal source. Rl is the resistance of the 
load. The equivalent circuit may then be drawn as in Fig. 16- 17a. 



(b) (6) 


Fig. 16-16. Equivalent circuits for tran- Fig. 16-17. Equivalent circuits for a 
sistors. transistor used as an amplifier. 


We may use effective values of voltage and current and obtain loop 
equations : 



Ve Wg 1 eRc r ee I e 

v c = I cRl ~ Xer C g ~j- I c r cc 

(16-11) 

(16-12) 

Solving Eq. (16-11) for l e gives 

j I c'f'ec 

e ~ r ee + R c 

(16-13) 

Substituting from Eq. (16-13) into Eq. (16-12) yields 



y l ( r _ recTce ) j_ Tce _ y 

‘ \ r cc + RJ + r ec + R c " 

(16-14) 

or 

where 

v c = v; + I c R c ' 

(16-15) 

and 

v' — Tce V 

s r cc + Rc 9 

(16-16) 


Jf' — r - r ccTce 

iX ^c • cc I z> 

T c c r Itc 

(16-17) 
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If an equivalent circuit for Eq. 
The current I c can be written as 


Ac ~ T? JS P ' yxv-xvj 

£l c "T -H/Zr 

Hence the power supplied to the load R L is 

Pac = ISRl = Rl (16-19) 

16-9. Photoconductive Cells. The earliest photoelectric cells were of 
the photoconductive type. This cell consists of a thin layer or film of 
semiconductor between two electrodes. Such a cell is described in Art. 
15-1. Selenium is the material ordinarily used as the photoconductor, 
although there are several of the metallic oxides which can also be used. 

The theory of operation for these 
cells is the same as that for the con- 
duction of current in a semiconduc- 
tor. This was explained in Art. 16-2. 
Electrons in the filled band of the 
selenium are given energy by the 
radiant energy striking the surface. 
This energy raises some of the elec- 
trons from the filled band to the 
unfilled band, where they become 
conduction electrons. The more in- 
tense the radiant energy, the greater 
the number of conduction electrons in the unfilled band and hence the 
smaller the resistance becomes. The dark resistance (the resistance of 
the cell when there is no light energy falling on it) depends on the material 
used, the thickness of the film, the spacing between the electrodes, and 
the length of the electrodes; usually it is of the order of megohms. When 
light falls on the cell, the resistance may decrease by as much as 25 per 
cent. 

The difference between the energy levels of the filled band and unfilled 
or allowed band of a semiconductor is on the order of 0.5 electron-volt. 
Hence the minimum quantum of energy needed to increase the conduc- 
tivity of such a cell is less than the quantum of energy needed to cause 
emission in a photoemissive cell where the work function of the surface is 
about 1 electron-volt. Photoconductive cells can therefore be used with 
longer-wavelength light than can photoemissive cells. For this reason 
they find one of their chief uses when infrared light is to be detected. 
Figure 16-18 shows the response of a typical selenium cell. 



Fig. 16-18. Spectral response of a 
selenium photoconductive cell. 


(16-15) is drawn, Fig. 16-175 results. 
V' 
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A rather recent and interesting use of this type of photosurface is in the 
television camera tube known as the Vidicon. This tube is used in indus- 
trial equipment where slow response is not a drawback. This slow 
response is the chief reason why photoconductive cells are not more 
commonly used. 

16-10. Photovoltaic Cells. The photovoltaic cell operates because a 
voltage is generated when light 
falls on the photosensitive surface. 

Figure 16-19 shows the construction 
of such a cell. A layer of semicon- 
ductor is either formed on or bonded 
to a metallic base electrode. The 
surface of the semiconductor is then 
coated with a very thin transparent 
metallic film or with a transparent 
conducting lacquer. Light passes 
through the transparent electrode and falls on the surface of the semi- 
conductor, and, as in the photoconductive cell, electrons are raised from 
the filled band to the conduction band. At the same time a voltage 
appears between the semiconductor and the transparent electrode. This 
effect was explained in Art. 16-5, where the point-contact rectifier was 
discussed. If the two electrodes are connected together electrically, a 

current will flow which is propor- 
tional to the light energy falling on 
the cell. 

The potential developed between 
the two electrodes does not vary 
linearly with the intensity of the 
light falling on the surface. This 
voltage is on the order of a few hun- 
dred millivolts in bright light. The 
cell resistance is very small, and 
hence, if the external circuit has low 
resistance, an appreciable current 
may flow. The magnitude of the 
current may be as great as a few 
milliamperes in strong sunlight. 
The resistance of the semiconductor varies with the light intensity in such 
a manner that the short-circuit current which flows varies almost linearly 
with light intensity. 

There are two common types of this cell in use today. One is the 
copper-copper oxide cell, and the other is the iron-selenium cell. Figure 
16-20 shows the characteristics of a typical iron-selenium cell as the 



Fig. 16-20. Response of an iron-selenium 
photovoltaic cell as the external-circuit 
resistance is varied. 


Transparent conducting 



Fig. 16-19. Construction of a selenium- 
iron photovoltaic cell. 
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shorting resistance is varied. Since such a cell is more linear and has 
greater current output when used with a low-resistance short, it is 
advisable to use a low-resistance microammeter of the desired range as the 
short for the cell. 

These cells find their greatest usage as foot-candle meters or as photo- 
graphic exposure meters. In some instances they have been used to 
operate directly a sensitive relay which in turn may operate a larger 
relay. The latter then could be used to turn on or turn off large elec- 
trical loads. The cells cannot be used with modulated-light sources 
because of their extremely poor frequency response. The large electrodes 



(« 

Fig. 16-21. Saturable-core reactor circuits. 


form a closely spaced capacitor which shorts out any varying current 
generated by the cell. This shorting effect is so bad that a light modu- 
lated at a 60-cps rate will cause only half the current output that a con- 
stant light would cause. 

16-11. Magnetic Amplifiers. 7 Saturable-core reactors, the heart of 
the magnetic amplifier, have been used in conjunction with electrical 
machinery since about 1895. However, they did not reach a high state 
of development until the Second World War. During this conflict the 
Germans set up an extensive program for the development of the mag- 
netic amplifier. They spent millions of dollars to bring this device to the 
stage where it could be used in gun stabilizers, automatic pilots, servo 
control systems for their long-range rockets, blind-landing aids, etc. 
These devices also found many civilian applications such as in computing 
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machines, electric brakes for locomotives, high-voltage power-line con- 
trols (where they could control up to 50,000 kva), streetcar controls, and 
many others. Since the war, engineers in this country have also found 
many uses for magnetic amplifiers and have made improvements on them. 

A saturable-core reactor in its simplest form is shown in Fig. 
16-2 la. The secondary, or load, current is alternating and is controlled 
by the impedance of the secondary. This impedance in turn is con- 
trolled by the magnitude of the direct current flowing through the 
primary, or control, winding. When the direct current is zero, the 
impedance of the secondary is a maximum and the alternating current 
flowing through it is a minimum. If the direct current is increased 
sufficiently, the magnetic core becomes saturated and hence the per- 
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Fig. 16-22. A simple magnetic amplifier. 


meability of the magnetic path becomes practically that of air. The 
incremental inductance then becomes about the same as though the coil 
had an air core. The reactance of the coil becomes very small, and hence 
the current increases accordingly. 

If the control winding has a large number of turns, only a small direct 
current is required to saturate the core. Hence a small direct current can 
be used to control a relatively large alternating current. This type of 
circuit has been used quite extensively for the control of lighting loads, 
particularly for stage lighting. 

One drawback to this device as described is caused by the alternating 
flux from the secondary linking with the control winding and inducing 
a voltage in it. If the control winding has a large number of turns, this 
induced voltage may become quite high and may even cause breakdown 
of the insulation. A much more satisfactory arrangement for a saturable 
reactor is shown in Fig. 16-216. In this circuit the net alternating flux 
linking the control winding is zero, and hence the induced voltage is zero. 

The saturable reactor just described might be classified as a magnetic 
amplifier, although it is a very poor one. By inserting a rectifier as 
shown in Fig. 16-22 a much more efficient magnetic amplifier is obtained. 
The rectifier in series with the load results in a unidirectional load current 
which assists the control winding in saturating the core. Less control 
power is now needed, for a given amount of control, than if the rectifier 
had not been used. 
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In order to understand better how a magnetic amplifier works, let us 
first examine the magnetization curve for the magnetic core. Figure 
16-23a shows such a curve. Actually the material goes through a 
hysteresis loop as the magnetizing current varies over a cycle, but for 
simplicity we shall assume that the loop is very thin so that it can be 
approximated by the curve given. Furthermore, we need not consider 
the part of the curve associated with negative values of B and H, because 
of the rectifier. 

If the direct current is zero and the alternating voltage is of such a 
magnitude that H varies from zero to H h then the impedance of the 



Fig. 16-23. Operation of a magnetic amplifier. 


secondary will be large at all times and the drop across the load will be 
approximately zero as shown in Fig. 16-235. If the direct current is now 
increased until the magnetizing force caused by it is H lf then the rectified 
alternating voltage may cause current to flow such that the magnetizing 
force varies between Hi and H 4 . This results in a load- voltage wave- 
shape as shown in Fig. 16-23c. A further increase in direct current might 
result in the magnetizing force varying between H 2 and H$. This would 
result in the load voltage shown in Fig. 16-23d. 

The simple magnetic amplifier just described performs very poorly 
because of voltage induced in the control winding. More complicated 
and far more satisfactory circuits are shown in Fig. 16-24. Circuit a is 
the basic circuit for a-c loads, while circuit b is for the control of d-c loads 
from an a-*c source. 

Feedback may be used with these amplifiers to change their charac- 
teristics. An additional coil, however, must be wound on the center leg 
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of the core. Figure 16-25 shows two feedback circuits, where (a) is for 
d-c loads and ( b ) is for a-c loads. In both cases the output is rectified 
and fed back to the additional coil in such a fashion that its mmf either 
aids or opposes the mmf set up by the control coil. If this mmf aids, 
the feedback is positive and results in increased control. Gains of several 
million per stage can be attained using these circuits with positive feed- 
back. However, with this high gain they may be very unstable. If 


D-C control 



Fig. 16-24. Magnetic-amplifier circuit for (a) a-c loads, (6) d-c loads. 

the rectified output is fed back in such a manner as to oppose the control- 
coil mmf, the feedback is negative and the gain is decreased but the 
response becomes more linear. Figure 16-26 shows the effect of feedback 
on the load voltage as a function of the control ampere turns as the feed- 
back goes from negative to positive. 

Up to this point only magnetic amplifiers using d-c control circuits and 
a-c or d-c loads have been discussed. These devices also serve very 
satisfactorily as a-c amplifiers for audio and even radio .frequencies. 
When used as an audio amplifier, the audio signal replaces the d-c control 
source and the a-c source must have a frequency somewhat greater than 
the highest-frequency audio component to be amplified. Naturally the 
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iron used in the core must be able to handle these higher frequencies 
without too much core loss. Provision must be made at the output of 
the amplifier to separate the unwanted frequency from the audio fre- 
quencies. Figure 16-27 shows the circuit of a simple a-f magnetic 
amplifier. 

Multistage amplifiers have been constructed with power outputs of 
500 watts and excellent linearity up to 7000 cps. 




Fig. 16-25. Magnetic-amplifier circuits with feedback (a) for d-c loads, (5) for a-c 


loads. 


If magnetic amplifiers are to be used at radio frequencies, particular 
care must be exercised in selecting a core material. Experiments have 
shown that some of the rolled magnetic alloys can perform with fair effi- 
ciency up to several hundred kilocycles. Above this frequency other 
core materials must be used. Powdered-iron cores do not make satis- 
factory magnetic amplifiers because of the relatively large air gaps caused 
by the separation between particles of iron. A satisfactory core can be 
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made from magnetic ferrites. Metallic oxides are pressed or extruded 
into tlie desired shape and then fired at a temperature of about 1200°C 
in order to process them so that they have the desired characteristics. 
They then have a maximum permeability exceeding 1000 (compared with 
powdered iron with about 100) and they also have very high ohmic 
resistances. These characteristics make them very desirable for core 
materials. 


Magnetic amplifiers have found a very definite place in modern elec- 
tronics. They replace the vacuum tube in some applications and sup- 


plement it in others. A few of the 
applications are listed below. 

Amplifiers, a-c and d-c for current, 
voltage, and power. As an exam- 
ple, they might be used with thermo- 
couples and photocells to control 



Control-circuit ampere turns 


Fig. 16-26. Effects of negative and of 
positive feedback with magnetic ampli- 
fiers. (|/3| oc No. feedback turns.) 


Audio 



output 


Fig. 16-27. A magnetic amplifier for 
use with audio frequencies. 


motors directly. The magnetic amplifier is excellent with direct voltages 
since it is not subject to the drift difficulties often encountered in elec- 
tronic-tube amplifiers. 

Regulators. Control of current, voltage, and frequency of industrial 
power installations. 

Motor starters and controls. 

Servo systems. Complete systems have been built utilizing magnetic 
amplifiers as regulators, converters, and computers, and as a replacement 
for thyratrons and for a mechanical amplidyne system. 

The magnetic amplifier has several advantages over the electronic-tube 
amplifier. It is more rugged and less affected by power-line variations. 





484 


ENGINEERING ELECTRONICS 


It can carry larger overloads, has longer life, and requires no warm-up. 
As disadvantages, however, it has a long time constant and a relatively 
low input impedance; furthermore, it costs more than the electronic-tube 
amplifier. 

C 



Fig. 16-28. Basic circuit for a dielectric Fig. 16-29. Variation of capacitance with 
amplifier. applied voltage for a dielectric-amplifier 

material. 



Fig. 16-31. A push-pull dielectric amplifier. 


16-12. Dielectric Amplifiers. 8 A new and novel device, which is being 
investigated, is the dielectric amplifier. As yet it has found very few 
applications but shows promise of being very useful. 

Its operation is very similar to that of the magnetic amplifier except 
that it works on the principle that the dielectric constant for certain 
insulators (such as barium zirconate) varies with the voltage across it. 
Figure 16-28 shows the basic circuit for such a device. Following a 
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variation in the control voltage, the dielectric constant of the capacitor, 
the latter’s capacitance, and the r-f load current all change. Figure 
16-29 shows how the capacitance varies with the applied control voltage. 

Figure 16-30 shows a much more satisfactory arrangement for a dielec- 
tric amplifier. This circuit has a high impedance and is balanced, with 
no r-f currents in the control leads. Figure 16-31 is a push-pull arrange- 
ment of a dielectric amplifier. 

Applications of the dielectric amplifier parallel those of the magnetic 
amplifier. However, they have one advantage over these employing 
magnetic amplifiers because of their higher input impedances. 

' REFERENCES 

1. Grondahl, L. O., and P. H. Geiger: A New Electronic Rectifier, J. AIEE, 46, 215 
(1927). 

2. Millman, J., and S. Seely: “Electronics,” 2d ed., McGraw-Hill Book Company, 
Inc., New York, 1951. 

3. Becker, J. A., C. B. Green, and G. L. Pearsons: Properties and Uses of Thermi- 
stors, Bell System Tech . J ., 26 , 170 (1947). 

4. Cornelius, E. C.: Germanium Crystal Diodes, Electronics , 19 , 118 (February, 1946). 

5. Ramsey, G.: The Selenium Rectifier, Elec . Eng., 63 , 425 (1944). 

6. Becker, J. A., and J. N. Shive: The Transistor — A New Semiconductor Amplifier 
Elec. Eng., 68 , 215 (1949). 

7. Ogle, H. M. : The Amplistat and its Application, Gen. Elec. Rev., (February, 
August, October, 1950). 

8. Vincent, A. M. : Dielectric Amplifier Fundamentals, Electronics, 24 , 84 (December, 
1951). 

9. Department of the Navy, Bureau of Ships: “Magnetic Amplifiers,” 1951. 

10. Seitz, F,: “The Modern Theory of Solids,” McGraw-Hill Book Company, Inc., 
New York, 1940. 

11. Shockley, W.: “Electrons and Holes in Semiconductors,” D. Van Nostrand Com- 
pany, Inc., New York, 1950. 

12. “Symposium on Electrical Properties of Semiconductors and the Transistor,” 
American Institute of Electrical Engineers, New York, 1950. 

13. Torrey, H. C., and C. A. Whitmer: “Crystal Rectifiers,” McGraw-Hill Book Com- 
pany, Inc., New York, 1948. 




APPENDIX A 



Plate volts 
Fig. A-l. 


488 


ENGINEERING ELECTRONICS 



ID CVJ 00 sj- O 


S9J9dUJDiH!UJ 9|D|d 


200 300 400 500 

Plate volts 

Fig. A-2. ( Courtesy of RCA.) 



2.0 


APPENDIX A 


489 



m O m O 

- O 


S9J9dlllD I U j UJ aiDIcf 


200 300 - 400 500 

Plate volts 

Fig. A-3. ( Courtesy of RCA.) 





100 200 300 400 500 

Plate volts 

Fig. A-4. ( Courtesy of RCA.) 


APPENDIX A 


491 



CJ O CO 

S0jadujD!|i!Uj ( ZJ j) z °N pu6 ( q I ) 040 id 


200 300 400 500 

Plate volts 

Fig. A-5. ( Courtesy of RCA.) 




ENGINEERING ELECTRONICS 


sai9dujD)||(Lu { ia f) pu6-|OJ4uoo 


dc ^ 
x 2 : 
$ °8 


X--X 8 

o> — Ci 10 

*:=? 


!■■■! 

IIIUI 

SiEjiiii 

lllll 

■■■SMB 

!::££ 

I'll! 


mm 

■I II HIM 

■wimi 

■llliHII 
■I II II II I 

■1 mm 1 

■1IWHII 

■mini 



S9J9dUJD||J!aJ [ Z °J) U09J3S JO (Y) 9 + 0 Id 


Fig. A-6. ( Courtesy of RCA.) 



009 


APPENDIX A 


493 


sdJddiuo - 4udJjno djojd 



500 1000 1500 2000 2500 5000 5500 4000 4500 5000 

Plate voltage- volts 

Pig. A-7. ( Courtesy of Eilel- McCullough, Inc.) 


APPENDIX B 


K-C-COUPLED AMPLIFIER DESIGN CHART* 
6JS, 6SN7, 7A4 


Ebb, volts 

100 

250 

Rb, megohms 

0.047 

0.10 

0.27 

0.047 

0.10 

0.27 

R g , megohms 

0.1 

0.27 

0.10 

0.47 

0.27 

0.47 

0.10 

0.27 

0.10 

0.47 

0.27 

0.47 

Rk, ohms 

1800 

2200 

3300 

4700 

8200 

10000 

1500 

2200 

2700 

3900 

6800 

8200 

Ibo, ma 

1.05 

0.97 

0.57 

0.50 

0.24 

0.22 

2.79 

2.40 

1.49 

1.31 

0.61 

0.58 

Eeo, volts 

-1.9 

-2.1 

-1.9 

-2.4 

-1.9 

-2.2 

-4.2 

-5.3 

-4.0 

-5.1 

-4.2 

-4.7 

Ebo, volts 

51 

55 

43 

50 

37 

41 

119 

137 

101 

119 

85 

94 

V g , volts rms 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

Eo y volts rms 

6.6 

7.1 

6.8 

7.4 

7.3 

7.4 

14.8 

15.0 

15.2 

16.2 

15.9 

16.2 

A 

13.2 

14.2 

13.6 

14.8 

14.6 

14.8 

14.8 

15.0 

15.2 

16.2 

15.9 

16.2 

Dist., % 

1.9 

1.8 

2.4 

2.0 

2.0 

1.7 

1.4 

1.4 

1.8 

1.3 

1.6 

1.3 

V 0 , volts rms 

0.95 

1.13 

0.95 

1.30 

0.95 

1.20 

2.70 

3.50 

2.55 

3.30 

2.64 

3.05 

E 0 , volts rms 

12.5 

15.5 

12.9 

19.2 

13.7 

17.7 

39.9 

52.5 

38.4 

53.0 

42.0 

48.4 

A 

13.1 

13.9 

13.6 

14.7 

14.4 

14.7 

14.7 

15.0 

15.0 

16.1 

15.9 

16.2 

Dist., % 

3.9 

4.2 

4.9 

4.7 

4.4 

4.5 

4.1 

4.9 

4.9 

4.6 

4.7 

4.5 


♦Data in these charts are from “Technical Manual,” Sylvania Electric Products Inc., Emporium, 
Pa., by permission. 
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fi-C-COUPLED AMPLIFIER DESIGN CHART ( Continued ) 

6SJ7 































APPENDIX C 


A TABLE OF SYMBOLS* 

Supply values E ff , E», E cc , E ccl , E cc 2 , etc. 

Values for constant applied 

voltages E b , I b , E c , etc. 

Instantaneous total values e b , i b , e Cl i c , ez,, e c2 , e 2c , etc. 

Instantaneous incremental 

Values £py tpy €gj igy € Z y €g 2 y € 2 Qy Vgy Vpy 0>Qy 6t C . 

Effective values E by I b , E P) I p , E 0) I g , E g 2 , E 2g , V 0 , V py E oy etc. 

Average values E ba , I ba , I cai I c2a , etc. 

Quiescent values E bo , I b0} E coy I c0) I c2o , etc. 

Time-axis values E bt , I bt , E cty etc. 

Vector values E v , I P7 E g , I g) V ff , V p , E z , E 0 , etc. 

Peak values of sinusoidal E pm , Ip my I bm , E gm y I gm y V gm , V pm , E zm , E g2m} 
quantities I 0im , etc. 

Special instantaneous val- 

^max) ^maxJ ^+max? ^-max! Hi, i-K, etc - 

Harmonic components i PlJ i p „ / Po , I Pl , / P2 , I Pim , etc. 

Applied signals v g , V g) V gy v V p , V p , etc. 

* Suffix numerals refer to the electrode number, for example, E cc 2 is the direct sup- 
ply voltage for the second grid. 

Prefix numerals refer to the tube number, for example, e\ c is the total instantaneous 
grid voltage for the first tube in the circuit. 

Subscript numeral refers to the order of the harmonic, for example, I P2 . 

Subscripts b and p refer to the plate. 

Subscripts c and g refer to the grid. 

Subscript k refers to the cathode or to a carrier. 

Subscripts z and L refer to the load. 

Subscript o refers either to a quiescent value or to the output. 

For definitions of these symbols, including their positive sense, as well as the defini- 
tions of other symbols for power, resistance, reactance, capacitance, etc., refer to the 
text. 
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A 

Abnormal glow, 392 
Activation of emitter, oxide-coated, 41 
thoriated tungsten, 39 
Admittance, input, of cathode follower, 
205 

of feedback amplifier, 199 
of following stage, 169 
of simple amplifier, 160 
Air-cooled tubes, 62 
Air gap in transformers, 216 
Allowed energy levels, 462 
Amplification factor, definition, 72 
graphical determination, 79, 80 
of pentodes, 93, 94 
of tetrodes, 89 
of triodes, 77, 79 

Amplifiers, a-f ( see Power amplifiers; 
Voltage amplifiers) 
balanced, 166, 194, 262 
broad-band (see Video-frequency am- 
plifiers) 

buffer, 103, 333 
cascade, 161 

cathode-follower {see Cathode-follower 
amplifier) 

class A, 112, 155-237 
class AB, 113, 270 
class B, 113, 272-277, 280-293 
class C {see Power amplifiers, r-f) 
classification of, 112, 155 
compensated {see Video-frequency am- 
plifiers) 

coupling methods for, 163 
current, 108, 200 
dielectric, 484 

direct-coupled {see Direct-coupled am- 
plifiers) 

distortion in, 148, 253, 258, 299 
equivalent circuit for linear, 135-139 
feedback, 299-321 

criterion for oscillation in, 320 
negative-, 312-319 
{See also Feedback) 

frequency response of, 175, 177, 189, 
222 

gain of, definition, 108, 156 
{See also specific amplifiers) 


Amplifiers, graphical determination of dis- 
tortion in, 142-146 
grounded-grid, 209 
high-frequency compensation of, 187 
input admittance of, 160, 199 
input capacitance of, 157 
interference in, 299-301 
i-f, 156, 232-237 

{See also Voltage amplifiers, r-f) 
linear, 156, 288 
Lof tin- White, 164 

low-frequency compensation of, 190- 
193 

magnetic, 478-484 
maximum efficiencies of, 245-249 
modulated {see Modulated amplifier) 
multistage, 161, 164^182, 309 
narrow-band, 222 

{See also r-f amplifiers) 
neutralization of, 84, 297, 298, 350, 
355 

noise in, 166, 300, 301, 307 
output impedance of, 159, 203, 209 
output voltage of, 156 
path of operation of, 126, 268 
{See also Load line) 
phase relations in, 175, 177, 189, 221 
plate efficiencies of, class A, 246 
class B, 248 
class C, 292 
comparison of, 256 
power {see Power amplifiers) 
push-pull, class A, 114, 261-272 
class AB, 270 
class B, 272-277 
load for, 268, 270, 273 
plate dissipation in, 269 
r-f, 223-237, 280-298 
band-pass, 232-237 
bandwidth in, 225, 230, 235 
r-f power {see Power amplifiers, r-f) 
r-f voltage {see Voltage amplifiers, r-f) 
with reactive load, 126 
regeneration in, 303 
R-C- coupled (see R-C- coupled ampli- 
fiers) 

with series peaking circuit, 187 
with shunt peaking circuit, 187 
single-stage, 156-159 
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Amplifiers, stability in, 299 
transformer-coupled ( see Transformer- 
coupled amplifiers) 
transistor, 475 
tuned, 110 

(See also Power amplifiers, r-f; 
Voltage amplifiers, r-f) 
video-frequency ( see Video-frequency 
amplifiers) 

voltage ( see Voltage amplifiers) 
Amplitude distortion, 148 
Amplitude limiter, 380 
Amplitude modulation (see Modulation) 
Angle modulation, 345, 374-379 
Anode, cooling of, 62 
graphite, 62, 403 
material of, 62 
Arc discharge, 386, 392, 395 
Arcback, 400 
Atom theory, 30, 386 
Atoms, excited state, 386 
metastable stage, 387 
a-f amplifiers ( see Power amplifiers; 

Voltage amplifiers) 
a-f transformers, 210-222 
equivalent circuit, 217 
frequency response, 212, 222 
(See also Transformers) 

Automatic volume control, 366 

B 

Balanced amplifier, 166, 194, 262 
Balanced modulator, 359 
Band-pass r-f amplifier, 232-237 
Bandwidth, in frequency modulation, 

373 

in r-f amplifiers, 225, 230, 235 
in R-C - coupled amplifiers, 177 
in transformer-coupled a-f amplifiers, 
220 

in video-frequency amplifiers, 183 
Barkhausen criterion, 328 
Battery charging, 435 
Beam, electron, 17-26, 97 
Beam power tube, 96, 256 
Beat-frequency oscillator, 435 
Bessel's functions, 372 
Bias, 108, 109, 168, 280, 296 
Bias line, 123 

Blocking capacitor, 108, 123 
Blocking layer, 468 
Boltzmann’s constant, 35 
Breakdown, 391 
Bridge-stabilized oscillator, 337 
Buffer amplifier, 103, 333 


C 

Capacitances, equivalent input, of a tube, 
157 

distributed, of a transformer, 213 
interelectrode, of a tube, 83, 85 
Capacitor, blocking, 108, 123 
cathode bypass, 313-316 
coupling, 167, 180 
Capacitor-input filter, 417, 431 
Carrier suppression, 360 
Carrier wave, 102, 344 
Cathode, cold, tubes with, 393 
disintegration of, 396 
heat-shielded, 395 
indirectly-heated, 41 
mercury-pool, 397 
oxide-coated, 40 
thermionic, tubes with, 395 
thoriated-tungsten, 39 
tungsten, 39 
virtual, 333 

Cathode bias, 109, 272, 297, 313 
Cathode bypass capacitor, 313-316 
Cathode degeneration, 313-316 
Cathode efficiency, 39-41 
Cathode-follower amplifier, 115, 201-209 
gain of, 202, 204, 205 
graphical treatment of, 205-209 
half-power frequencies, 204, 205 
high-frequency analysis, 202, 204 
input admittance, 205 
low- and mid-frequency analyses, 202- 
204 

output impedance, 203 
practical circuits for, 201, 202 
Cathode pool, 397 
Cathode-ray tube, 18-26 
electrostatic deflection, 22-26 
focusing, electrostatic, 19-22 
magnetic, 17-19 
Cathode spot, 398 
Cesiated-silver photoemitter, 451 
Characteristic curves, composite- tube, 
262-266 

dynamic, 81, 129, 130 
static, beam tube, 98, 492 
constant-current, 74, 249, 493 
diode, 50, 63-67 
pentode, 91-95, 491 
phototube, 453-455 
plate, 73 
tetrode, 86 
thyratron, 404, 405 
transfer (mutual), 74 
transistor, 473 
triode, 73-75, 487-490 
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Charge-to-mass ratio of an electron, 2 
measurement of, 16 
Cliild-Langmuir equation, 55-60 
Choke, for r-f use, 328, 349 
for rectifiers, 423, 426, 432 
Class A, AB, B, C, 1, 2 amplifiers ( see 
Amplifiers) 

Coefficient of coupling, 218, 231, 235 
Coils, series and parallel equivalents of, 
225 

Cold-cathode tubes, 393 
Collision processes in gases, 387 
Color response of photosensitive surfaces, 
451, 457 

Colpitts oscillator, 328 
Complex-number representation, 5, 128 
Conductance, mutual, 77, 81, 89, 93 
Constant-current characteristics, 75, 294, 
493 

Contact difference in potential, 34 
Controlled rectifier, 435-441 
Conversion, frequency, 361 
Conversion transconductance, 363 
Converter tube, 362 
Cooling of vacuum tubes, 62 
Coupling capacitor, 167, 180 
Coupling coefficient, 218, 231, 235 
Cross modulation, 359 
Crystal, germanium, 467 
quartz, 329 

Crystal diode, 467, 469 
Crystal oscillator, 329 
Current amplifier, 108, 200 
Current density, 35 
Current feedback, 308 

D 

Decibel, 162, 174 
Decoupling circuit, 191 
Deflection, electrostatic, 22 
Degeneration, 303 
Deionization time, 405 
Demodulation defined, 363 
Demodulators ( see Detectors) 

Detectors, clipping with, 366, 367 
crystal, 469 

diode, 106, 364r-368, 469 
f-m, 381 
heterodyne, 361 
linear, 364-368 

rectification, characteristics of diode, 
366 

square-law, 363 
Deviation, frequency, 346, 371 
Dielectric amplifiers, 484 


Diodes, characteristics of, 50, 63-67 
crystal, 467, 469 
gas-filled, 393, 395 
high -vacuum, 49-68 
current in, 59, 60 
parallel-plane-electrode, 51-54 
plate resistance of, 63, 64 
ratings of, 63 

Direct-coupled amplifiers, 164-167 
balanced, 166 
equivalent circuit, 165 
troubles with, 165, 166 
Discriminator, 381 
Disintegration of cathodes, 396 
Dissipation, plate ( see Plate dissipation) 
Distortion, amplitude, 148 
with AVC, 366 
clipping, 366 
due to grid current, 112 
effect of load resistance on, 172 
with feedback, 304 
formulas for harmonic, 143, 145, 295 
frequency, 148, 260 
harmonic, 148 

analysis of, 142-146 
intermodulation, 148 
nonlinear, 148 
phase, 148 

in square-law detector, 364 
Distribution (see Potential distribution) 
Donator impurity, 464 
Doubler, frequency, 285 
Driver stage, 273, 277 
Driving power for class C amplifier, 296 
Dushman’s equation, 35 
Dynamic characteristic curves, 65, 81, 
129 

Dynatron oscillator, 334 
Dynatron region of tetrodes, 88 

E 

Edison effect, 1 
Efficiency, emission, 39-41 
plate-circuit, 245-249, 292 
of rectifiers, 408, 411, 414, 417 
Electric field, 4 
Electric flux, 5, 9 
Electron beam, 17-26, 97 
Electron behavior, in electric field, 10-14 
in magnetic field, 14-19 
Electron coupling, 333 
Electron gun, 19 
Electron optical system, 20 
Electron tubes ( see Diodes; Ignitron; 
Pentode tubes; Tetrodes; Thyra- 
trons; Triode) 
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Electron-volt, 34 
Electrons, charge of, 2 
emission of (see Emission) 
free, 31 
mass of, 2 

mean free path of, 388 
properties of, 2 
Electrostatic deflection, 22 
Electrostatic focusing, 19-22 
Emission, high-field, 44 

laws governing, 35, 43, 44, 449 
measurement of, 36 
photoelectric, 47, 449 
secondary, 44, 458 
thermionic, 35-39 
Emission efficiency, 39-41 
Energy levels, allowed, 462 
Equipotential surfaces and lines, 6, 7 
Equivalent circuit, crystal, 329 
current-source, 134 
for linear class A amplifier, 135-139 
for linear class B amplifier, 288 
Norton’s, 134 
for rectifier tube, 408, 415 
Th5venin’s, 133-135 
for a transistor, 475 
voltage-source, 133-135 
(See also specific circuits) 

Excitation potential, 386 

F 

Feedback, circuits for, 309-319 
current, 308 

effect of, on amplification, 303 
on distortion, 304 
on noise, 301, 304 
on output impedance, 310 
on stability, 303 
in magnetic amplifiers, 480 
positive, 327 
voltage, 307 

Feedback amplifiers (see Amplifiers) 
Feedback factor, 304 
Feedback oscillators, 116, 326, 328 
Fermi-Dirac distribution, 462 
Field, electric, 4 
Field intensity, 4 
Filament, heat-saving, 395 
oxide-coated, 40 
thoriated-tungsten, 39 
tungsten, 39 

Filters, capacitor, 417-423 
capacitor-input, 417, 431 
inductance-input, 423, 426 
L-section, 426 
H-section, 431 


Filters, for power rectifiers, 417-434 
series inductor, 423-426 
Fixed bias, 108, 296 
Fleming valve, 1 
Fluorescent screen, 19 
Flywheel effect, 286 

Focusing of electron beam, electrostatic, 
19-22 

magnetic, 17-19 
Forbidden energy levels, 463 
Fourier analysis, 141, 372, 427 
Frequencies, carrier, 102, 344 
half-power, 174, 177 
intermediate, 104, 361 
marker, 174, 177, 192, 219 
range of mid, 178 
sideband, in a-m wave, 347, 348 
in angle-modulated wave, 373 
Frequency of oscillation, of R-C oscil- 
lator, 336 

of tuned-circuit oscillator, 325, 331 
of Wien-bridge oscillator, 337 
Frequency characteristics, 175, 177, 189, 
222 

Frequency conversion, 361 
Frequency deviation, 346, 371 
Frequency distortion, 148, 260 
Frequency doubler, 285 
Frequency-modulated oscillator, 374-378 
Frequency modulation (see Modulation) 
Frequency-modulation detection, 381 
Frequency multiplier, 285, 298 
Frequency relocation by modulation, 348 
Frequency stability, of crystal oscillators, 
329 

phase correction for, 332 
of tuned-circuit oscillators, 332 
Frequency stabilizer, 378 

G 

Gain, voltage, 108, 156, 162 
(See also specific amplifiers) 

Gain area, 186 
Gas in vacuum tubes, 385 
Gas-filled tubes, 393, 395, 396, 454 
Gas phototubes, 454 

Gaseous discharge, types of, 386, 389, 390 
Gauss’ theorem, 55 
Germanium, 467 
Getter, 62 

Glow discharge, 386, 389, 391, 392 
Glow-discharge tubes, 393, 394 
Gradient, potential, 7-9 
voltage, 7 

Graphical analysis (see specific circuits) 
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Graphical determination, of best opera- 
tion for class At triode, 253 
of harmonic components, 142-145 
Graphite anode, 62, 403 
Grid, action of, 70-73 
control, 70, 94 

effect of driving positive, 112 
in gas tube, 401 

power required to drive, 277, 296 
screen, 84 
suppressor, 89 
thyratron, 403 
Grid-bias modulation, 355 
Grid-bias voltage, fixed, 108, 296 
by grid leak, 168, 297, 333 
build-up of, 334 
by self-bias, 109, 272, 297, 313 
Grid current, effect of, on distortion, 112 
in a thyratron, 402 
Grid leak, 167, 170, 180, 297, 333 
Grid phase-shift control, of ignitrons, 441 
of thyratrons, 437-440 
Grounded-grid amplifier, 209 

H 

Harmonic analysis, 141-145 
(See also Fourier analysis) 

Harmonic distortion, 142-146, 148 
Harmonics, in class A amplifiers, 142, 144 
in class B and C amplifiers, 144 
even, cancellation, in push-pull ampli- 
fiers, 114, 269 
Hartley oscillator, 328, 333 
Hazel tine system of neutralization, 350 
Heat-shielded cathode, 395 
Heater, 41 
Heterodyne, 361 
High-vacuum diode, 49-68 
High-vacuum triode, 69-84 
High-vacuum-tube gas pressure, 385 
Hole conduction, 465 
Hum, 299 

I 

Ignitor rod, 400 
Ignitron, 400 

firing circuit for, 441 
Ignitron rectifier, 441 
Impedance, loud-speaker, 260 
Impedance matching, 245 
Inductance, leakage, 213 
magnetizing, 212 
Inductance-input filter, 423, 426 
Input admittance ( see Admittance) 

Input capacitance of amplifiers, 157 


Input signals, 121, 497 
Insulators, 463 

Interference in radio reception, 368 
Intermediate frequency, 104, 361 
i-f amplifier, 156, 232-237 
Intermittent oscillations, 332 
Inverse feedback (see Feedback) 

Inverse voltage, 63, 397 
Ionization, 387 
Ions, 3, 387 

Iron-selenium rectifier, 470 

K 

Keep-alive circuit, 399 
Kinescope, 183 

L 

L-section filter, 426 
Large-area rectifiers, 469 
Leakage reactance, 213 
Limiter, 380 

Linear amplifier, class A, 156 
class B, 288 

Linear detector, 364-368 
Linear modulator, 349-357 
Load line, 122-127, 171, 268, 274 
Load resistance, for pentode power ampli- 
fier, 258-261 

for push-pull amplifiers, 268 
for triode power amplifiers, 249-254 
for voltage amplifiers, 170 
Lof tin- White amplifier, 164 
Loud-speaker impedance, 260 

M 

Magnetic amplifiers, 478-484 
Magnetic focusing, 17-19 
Magnetizing inductance, 212 
Maximum efficiencies of amplifiers, 245- 
249 

Mean free path of an electron, 388 
Mercury, vapor pressure of, 397 
Mercury-arc rectifier, 397-400 
Mercury-arc tube, 397, 400 
Mercury-pool cathode, 397 
Microphonic noise, 301 
Mixer tube, 362 
Mixing, 361 

Modulated amplifier, balanced, 359 
class A, 357 
grid-bias, 355 
plate, 349 
square-law, 357 
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Modulated wave, amplitude, 101, 347, 348 
angle, 101, 371-373 

Modulation, amplitude, class A, 357-361 
components of, 347 
definition of, 345 
grid-bias, 355-357 
plate, 349-355 

modulator load for, 354 
power relations for, 353, 354 
spectrum of, 348 
square-law, 357-364 
vector diagrams for, 348 
angle, 345, 374-379 
classification of, 345 
cross, 359 
definition of, 344 
frequency, 345, 371-382 
components of, 373 
definition of, 345 
equations for, 345, 371 
index of, 345 

by means of phase modulation, 378 
by reactance tube, 374 
phase, 346, 378 

comparison with frequency modula- 
tion, 346 
plate, 349-355 

Modulation characteristic, 352, 356 
Modulation factor, 345 
Modulation index, 345 
Modulator, 103, 350 
balanced, 359-361 
linear, 349-357 
load on, 354 
reactance-tube, 374-378 
square-law, 357 
van der Bijl, 357 
Multigrid tubes, 84-98 
Multistage feedback circuits, 309 
Multivibrators, 339-342 
Mutual conductance, 77, 81, 89, 93 

N 

n-type semiconductor, 463 
Negative-feedback amplifier, 312-319 
Negative-grid thyratron, 403 
Negative-peak clipping, 367 
Negative resistance, definition of, 133 
in input impedance of amplifiers, 161 
in tetrodes, 88 

Negative-resistance oscillators, 334 
Neutralization, electron space charge, 388 
Hazeltine system of, 350 
of power amplifiers, r-f, 297, 298, 350, 
355 

Rice method of, 355 


Neutralized amplifiers, 84, 297, 298, 350, 
355 

Neutron, 3 

Noise in amplifiers, 166, 300, 301, 307 
Noise reduction, by negative feedback, 
301, 304 

in angle modulation, 370, 374 
Nonlinear circuit element as modulator, 
357, 471 

Nonlinear distortion, 148 
Norton’s theorem, 134 
Nyquist criterion, 321 

O 

Ohm’s law, 132 

On-off control of thyratrons, 436 
Operating point, 123 
Oscillations, Barkhausen’s criterion for, 
328 

in feedback amplifiers, 319 
intermittent, 332 

limitation of amplitude of, 331-334, 
339 

Nyquist criterion for, 321 
Oscillators, analysis of, 326, 330, 337 
beat-frequency, 335 
bias for, 332 
bridge-stabilized, 337 
Colpitts, 328 
crystal, 329 
dynatron, 334 
electron-coupled, 333 
feedback, 116, 326, 328 
frequency of, 325, 331, 336, 337 
frequency-modulated. 374-378 
frequency stability of, 333 
Hartley, 328, 333 
intermittent operation of, 332 
local, 104, 362 
low-frequency, 335-339 
multivibrator, 339-342 
negative-resistance, 334 
negative-transconductance, 335 
phase-shift, 335 
power, 332 
R-C , 335-342 

tuned-circuit, frequency stability of, 
332 

tuned-grid, 328 
tuned-plate, 328, 330 
tuned-plate tuned-grid, 329 
vector diagram of, 332 
voltage, 332 
Wien-bridge, 337-339 
Oscillatory circuit, general equation for, 
323-326 
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Output impedance, 159, 203, 209 
Output voltage of amplifier, 156 
Oxide-coated cathodes, 40 

P 

p-type semiconductor, 463 
Parallel operation of tubes, 261 
Peak inverse voltage, 63, 397 
Peak tube current, 421 
Pentagrid converter, 362 
Pentagrid mixer, 362 
Pentode tubes, 89-96 
characteristics of, 91-95, 491 
coefficients of, 93 
Permittivity of free space, 4 
Phase correction for frequency stability, 
332 

Phase distortion, 148 
Phase inverters, 114, 196-200 
Phase modulation, 346, 378 
Phase shift, 175, 177, 189, 190 
Phase-shift control, of ignitrons, 441 
of thyratrons, 437-440 
vector diagram for, 439 
Phase-shift oscillator, 335 
Photocathode, 451 
spectral sensitivity of, 451, 456 
Photo conductive cells, 448, 476 
Photoelectric cells, description of, 448 
Photoelectric emission, 47, 449 
Photoemission theory, 449-452 
Photoemissive tube, 448, 452, 454 
Photomultiplier tubes, 458 
Photon, 450 
Phototubes, 452-455 
circuits for, 458, 459 
sensitivity of, 456 
Photovoltaic cells, 448, 477 
n-section filter, 431 
Piezoelectric property, 329 
Planck’s constant, 449 
Plate characteristics, 73 
Plate-circuit efficiency, beam tubes, 256 
definition of, 245 
triodes, 257 

Plate current, power-series expansion of, 
146 

Plate dissipation, 244, 254, 260 
in push-pull amplifiers, 269 
Plate modulation, 349-355 
Plate-plate load, 270 
Plate resistance, a-c, 77, 80 
of diodes, 63, 64 
d-c, 63, 341, 409 
negative, 88 
of pentodes, 93 


Plate resistance, of tetrodes, 89 
of triodes, 77 

Point-contact rectifier, 466 
Poisson’s equation, 57 
Polar diagram, for feedback amplifier, 
320, 321 

for 72-C-coupled amplifier, 176, 178 
for transformer-coupled amplifier, 221 
Positive column, 392 
Positive-grid thyratron, 403 
Positive-ion bombardment, 39-41, 389 
Positive-ion sheath, 402 
Potential barrier, 468 
Potential difference, 6 
Potential gradient, 7-9 
Potential distribution, in cold-cathode 
gas diodes, 392 
in high-vacuum diodes, 52 
in high-vacuum triodes, 71, 72 
in pentodes, 90 
in tetrodes, 86 

Power amplifiers, 244-277, 280-298 
a-f, 244-277 
class A, 245-272 
class B, 272-277 
load for single-ended, 249, 257 
operating point for single-sided, 252, 
259 

parallel operation of, 261 
pentode and beam, 256-261 
push-pull, 261-277 
bias for, 270 

composite-tube representation for, 
263 

load for, 270, 271 
tube-manual design of, 254 
r-f, 280-298 

algebraic analysis of class B, 286-290 
design of class B and class C, 291-293 
equivalent circuit for linear, 288 
flywheel effect in, 286 
graphical analysis of class B and 
class C, 290-292 
grid bias for, 280, 296-297 
grid-bias modulated, 355 
maximum efficiency of class B, 289 
neutralization of, 297, 298, 350, 355 
operation and adjustment of, 296- 
298 

plate-load circuits for, 282, 283 
plate-modulated, 349 
Q of tank for, 284 
sources of power for, 296 
using pentodes and tetrodes, 291, 298 
waveforms of currents and voltages 
for, 281 

Power emission chart, 38 
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Power oscillators, 332 
Power sensitivity, 257 
Power-series expansion of plate current, 
146 

Power tubes, beam, 96, 256 
conversion chart for, 254 
Predistorter in frequency modulation, 378 
Preemphasis, 374 
Proton, 2 

Push-pull amplifiers (see Amplifiers) 

Q 

Q, of coils, 225 
of crystals, 329 
in h-f compensation, 188 
of tank circuits, 284-286 
Q point, 123 
Quantum, 386, 449 
Quartz crystals, 329 
Quiescent operating point, 121-123 

R 

Radio communication, 101 
r-f amplifiers ( see Amplifiers; Power am- 
plifiers; Voltage amplifiers) 
Reactance, transformer leakage, 213 
transformer primary, 212 
Reactance-tube modulator, 374 
Reactive loads for amplifiers, 126 
Reactor, saturable-core, 478 
Receivers, superheterodyne, 104, 379 
Rectification, plate-circuit, 131 
Rectification-characteristic curves, 367 
Rectifiers, bleeder for, 430 
controlled, 435-441 
copper-oxide, 470 
design of, 422, 430, 433 
diode, 105, 408-435 
full-wave, 412, 426, 434 
half-wave, 409, 414, 417, 423, 431 
dry, 469 

filters for, 417-434 
germanium, 469, 470 
ignitron, 441 
large-area, 469 
mercury-arc, 397, 400 
point-contact, 466 
selenium, 470 
thyratron, 435-441 
0 See also Thyratrons) 
voltage regulation of, 430, 435 
Remote-cutoff tubes, 94 
Resistance, negative, 133, 161 
plate (see Plate resistance) 


R-C - coupled amplifier, 108, 167-182 
bandwidth in, 177 
bias for, 172 

design charts for, 494-496 
design considerations for, 180-182 
at high frequencies, equivalent circuits 
for, 176 
gain, 177 
phase shift, 177 
polar plot of performance, 178 
loads for, 171, 172 

at low frequencies, equivalent circuit 
for, 173 
gain, 174 

phase shift, 174, 175 
polar plot of performance, 176 
at mid frequencies, 169-173 
equivalent circuits, 169 
gain, 170 

R-C oscillators, 335-342 
Rice method of neutralization, 355 
Richardson’s equation, 35 
Ripple factor, 411 

S 

Saturable-core reactor, 478 
Saturation of iron cores, 216, 479 
Sawtooth voltage, 26, 183 
Schottky effect, 41, 51 
Screen grid, 84 

Screen-grid bypass capacitor, 110 
Screen-grid supply voltage, 168 
Screen-grid tubes, 84-97 
space current in, 87 
Secondary emission, 44, 458 
measurement of, 45 
Selenium cell, 448 
Selenium rectifier, 470 
Self-bias, in amplifiers, 109, 272, 297, 313 
feedback effects of, 313 
in push-pull amplifiers, 272 
Semiconductors, 462 
Sensing, 120 

Sensitivity of phototubes, 456 
Series feed, 246, 329 
Series peaking circuit, 187 
Sharp-cutoff tubes, 94 
Sheath, positive-ion, 402 
Shield-grid thyratrons, 404 
Shunt feed, 247, 329 
Sidebands, 348, 373 
power in, 348, 353 
Signal voltages, 123, 497 
Single-sideband transmission, 360 
Single-sided amplifiers, 262 
Space charge, 49, 52-54, 388 
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Space-charge equation, 55-60 
Space current in screen-grid tubes, 87 
Spectral sensitivity of photocathodes, 
451, 456 

Square-law demodulation, 363 
Square-law modulation, 357-364 
Stabilization of amplifiers by feedback, 
303 

Starter electrode, 398, 400 
Static characteristics, 63 
Superheterodyne receiver, 104, 379 
Superposition theorem, 134 
Suppressor grid, 89 
Symbols, 497 

T 

T point, 131, 146 
Tank circuit, 281-286 
Taylor series, 146 
Television, 183 

Temperature effects on mercury- vapor 
tubes, 496, 497 
Tetrodes, 84-89 

dynatron region of, 88 
Thermal noise, 301 
Thermionic emission, 35-41 
Thermistor, 465 
Thevenin’s theorem, 133-135 
Thoriated-tungsten cathodes, 39 
Three-halves-power law, 55-60 
Threshold frequency for photoelectric 
emission, 450 

Thyratrons, bias phase control of, 440 
construction of, 403 
critical grid voltage for, 404 
deionization time for, 405 
d-c control of, 436 
firing characteristics for, 404, 405 
grid control of, 401-405 
ionization time for, 405 
negative-grid, 403 
on-off control of, 436 
phase-shift control of, 437-440 
positive-grid, 403 
rectifiers for, 435-441 
screen-grid, 404 
starting voltage, 404 
Time constant, 180, 184, 185, 194 
Time delay, 189 

Townsend discharge, 386, 389-391 
Transconductance, 77, 201 
conversion, 363 

Transfer characteristics, 81, 129, 130 
Transformer-coupled amplifiers, 216-221 
equivalent circuit for all frequencies, 
217 


Transformer-coupled amplifiers, gain-fre- 
quency characteristic, 220, 222 
at high frequencies, 219, 220 
equivalent circuit, 219 
equivalent shunt capacitance in 
primary terms, 217 
parameters in high-frequency analy- 
sis, 219 

at low frequencies, 218 
at mid frequencies, 218 
parameters in design, 221, 222 
polar diagram of performance, 221 
shielding, 222 
(See also Transformers) 

Transformers, a-f (see a-f transformers) 
as impedance-matching devices, 211 
input, 210, 307 
interstage, 216-222 
with iron cores, 210-216 
leakage inductance of, 213 
magnetizing inductance of, 212 
output, 214, 246 
power, 210 
r-f, 228-237 
Transistors, 471-476 
Transmitters, a-m, 103 
f-m, 378 

Trapezoidal rule, 294 
Triode, characteristics of, 73-75, 81, 129, 
487-490 
coefficients, 77 
construction, 69 
De Forest’s, 69 
gas-filled (see Thyratrons) 
input admittance of, 160 
vacuum, 69-84 
Tube drop, in arcs, 393 
in glow tubes, 389, 394 
in hot-cathode tubes, 395 
Tubes, air-cooled, 62 

cathode-ray (see Cathode-ray tube) 
cold-cathode, 393 
converter, 362 

electron (see Diodes; Ignitron; Pentode 
tubes; Tetrodes; Thyratrons; Tri- 
ode) 

gas-filled, 393, 395, 396, 454 
glow-discharge, 393, 394 
mercury-arc, 397, 400 
mercury-vapor, temperature effects on, 
496, 497 

multigrid, 84-98 
parallel operation of, 261 
pentode (see Pentode tubes) 
photoemissive, 448, 452, 454 
photomultiplier, 458 
power (see Power tubes) 
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Tubes, remote-cutoff, 94 
screen-grid, 84-97 
sharp-cutoff, 94 
vacuum ( see Vacuum tubes) 
vapor-filled, 396 
voltage-regulator, 394 
water-cooled, 62 
zero-grid-bias, 273 

Tuned amplifiers ( see Power amplifiers, 
r-f; Voltage amplifiers, r-f) 
Tuned-circuit oscillators ( see Oscillators) 
Tungsten cathodes, 39 

U 

Unit charge, 4 
Unit-step function, 183 
Units, 3 

V 

Vacuum tubes, characteristics, measure- 
ment of, 60, 81 

coefficients, 63, 64, 77-80, 89, 93 
cooling of, 62 
gas in, 385 

Vacuum-tube voltmeter, 412 
van der Bijl modulator, 357 
Vapor-filled tubes, 396 
Vapor pressure of mercury, 397 
Variable-** tubes, 94 
Varistors, 470 

Vector diagram, of amplitude modula- 
tion, 348 
of oscillators, 332 
for phase-shift control, 439 
Video-frequency amplifiers, 182-194 
design of, 193, 194 
curves for, 189, 190 
gain-area criterion for tubes, 186 
high-frequency compensation, 187-190 
need for wide-band amplifiers, 183 
phase-shift discussion, 189 
time constants as circuit parameters, 
184, 185 

transient analysis of uncompensated 
amplifier, 184, 185 
Vidicon, 477 
Virtual cathode, 333 
Voltage, disintegration, 396 
inverse, peak, 63, 397 
output, of amplifiers, 156 
sawtooth, 26, 183 
screen-grid supply, 168 
Voltage amplifiers, amplification defined, 
161 


Voltage amplifiers, balanced, 194-196 
cathode-follower ( see Cathode-follower 
amplifier) 

classification of, 155 
coupling methods, 163 
dielectric, 484 

direct-coupled ( see Direct-coupled am- 
plifiers) 

gain of, 156, 161 
grounded-grid, 209 
magnetic, 478-484 
phase inverters, 196-200 
r-f, 222-237 
double-tuned, 232-237 
analysis, 233-236 
bandwidth, 235 
coupling in, 235 
gain of, 235, 236 
ideal response of, 223 
single-tuned, 223-228 
analysis, 223-224 
bandwidth, 225 
gain, 224 

tuned-secondary, 228-232 
analysis, 229-231 
bandwidth, 230 
gain, 230 

optimum coupling, 231 
R-C coupled ( see 72-C-coupled ampli- 
fiers) 

single-stage, 156-159 
transformer-coupled ( see Transformer- 
coupled amplifiers) 
transistor, 475 

video-frequency (see Video-frequency 
amplifiers) 

(See also Amplifiers) 

Voltage feedback, 307 
Voltage gain, 108, 156, 162 
Voltage gradient, 7 
Voltage-regulator tubes, 394 
Voltage sensing, 120 

Voltage-source equivalent circuit, 133- 
135 

W 

Water-cooled tubes, 62 
Wide-band amplifiers ( see Video-fre- 
quency amplifiers) 

Work function, 33-35, 39-41, 44-47, 450, 
462 

Z 

Zero-grid-bias tubes, 273 



